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STATEMENT
The studies embodied in this thesis were carried 
out by the writer during the period April 1957 to April 
I960. Approximately six months of this time was spent in 
the field, mapping the Red Hill area. The drafting of the 
map and all the figures was done by the author. Fourteen 
of the analyses of rocks and minerals were made by the 
writer, the remainder were carried out by Avery and Anderson 
of Melbourne. The optical work on the minerals was wholly 
by the author. As the work progressed it appeared that the 
region was of such great petrological interest that all 
other available methods should be employed on the problem. 
Accordingly spectrographic analyses of a number of rocks 
were made in conjunction with Dr. J.F. Lovering, and gravity 
measurements were carried out in the Red Hill area with 
Mr. P.M. Stott. Mr. L. Parry was responsible for the 
thermomagnetic and X-ray measurements on the iron oxide 
minerals, and Mr. W. Roberts examined a number of polished 
sections of the iron oxides. Mr. R. Green was co-author 
of the paper on the structure of talus slopes, which is 
included as an appendix. The synthesis and interpretation 
of the results obtained in the Joint investigations was the 
responsibility of the author, and all the other work 
presented in this thesis was carried out by him.
Signed. Ian McDougall.
TABLE OF CONTENTS
I INTRODUCTION Page 1
II STRATIGRAPHY AND GEOLOGICAL HISTORY 8
(a) The Geological Sequence 8
(b) Faulting 12
III THE FORM OF THE INTRUSION AND ITS MECHANISM
OF EMPLACEMENT 15
(a) Introduction 15
(b) The Structural Units 17
(i) The Northern Sheet 17
(ii) The Oyster Cove Block 21
(iii) The Red Hill Dyke 22
(c) Location and Extent of the Granophyre 24
(d) The Effect of the Dolerite on the
Invaded Sediments 28
IV PETROGRAPHY 51
(a) Nomenclature of the Rocks in the Red
Hill Intrusion 51
(b) Definition and Use of Textural Terms 53
(c) Descriptive Petrography 55
(i) Chilled dolerite 55
(ii) <Ruartz dolerite 58
(iii) Fayalite granophyre 45
(iv) Granophyre 49
(v) Pegmatitic dolerites 55
(vi) Leucocratic vein 57
(vii) Hickman’s Hill dolerite dyke 57
(d) Modal Analyses 59
(e) Grain Size 61
(f) Variation in Density 62
V MINERALOGY Page 64 
64(a) Pyroxenes
(i) Methods of determination of
optical properties 64
(ii) Chemical analyses of the
pyroxenes 65
(iii) The variation in composition of
the pyroxenes during fractiona­
tion 67
(iv) Comparison of the Red Hill trends
with the trends in other intru­
sions 74
(v) The limit of the two-pyroxene
field 75
(vi) Exsolution and inversion pheno­
menon in the pyroxenes 78
(b) Olivine and its Alteration Products 85
(c) Plagioclase 88
(d) Alkali Feldspar 92
(e) Quart z 96
(f) Iron Oxides 96
(g) Accessory Minerals 100
(i) Amphibole 100
(ii) Biotite 102
(iii) Chlorite 105
(iv) Apatite 105
(v) Sphere 104
(vi) Fluorite 104
(vii) Zeolite 104
(viii) Prehnite 105
(ix) Calcite 105
(x) Sulphides 105
VI THE MAGMATIC HISTORY OF THE TASMANIAN
DOLERITES Rage 106
(a) The Dolerite Magma 106
(b) The Variation in Composition of
Certain Trace Elements in the Red
Hill Intrusion 108
(i) Introduction 108
(ii) Chilled dolerite 110
(iii) Nickel m
(iv) Cobalt 115
(v) Chromium 119
(vi) Copper 122
(c) The Differentiation Trends in the
Red Hill Intrusion 125
(a) Iron Enrichment Versus Silica and
Alkali Enrichment 151
(e) Comparison of the Differentiation
in the Red Hill Dyke with that in 
Dolerites Elsewhere in Tasmania 155
(f) The Mechanism of Differentiation 140
(g) Volume Considerations 148
(h) Comparison of the Red Hill Grano-
phyres with Granophyres from other 
Provinces 159
VII THEORETICAL CONSIDERATIONS 161
(a) Origin of the Magma 161
(b) Differentiation of Basaltic Magma 
and the Genesis of the Calc-
alkaline Series 166
VIII REFERENCES 172
APPENDIX
APPENDIX
APPENDIX
I Gravity Survey of the Red Hill Area.
II The Precision and Accuracy of Silicate 
Rock Analysis
III The Use of Magnetic Measurements for 
the Study of the Structure of Talus 
Slopes.
I INTRODUCTION
The Tasmanian dolerites were intruded into 
essentially flat-lying Permian and Triassic sediments 
in the form of sheets, commonly exceeding 1000 feet 
in thickness, large dyke-like intrusions up to one 
mile in width, and transgressive bodies. The dolerite 
is post Triassic and pre-Tertiary in age, and Hills 
and Carey (194-9, 54-) and Banks (1958, 234-) suggest 
that the intrusions took place in the Jurassic.
They crop out over more than 6,000 square miles, and 
Edwards (1942, 452) has estimated that the volume of 
magma intruded was of the order of 3,000 cubic miles.
The dolerite magma at the time of intrusion 
was almost completely liquid and with cooling after 
emplacement, marked differentiation took place. In 
the only comprehensive account of the petrology of 
the Tasmanian dolerites (Edwards, 1942) the differen­
tiation in the Mt. Wellington sill and in several 
other intrusions has been studied. Previous studies 
were mainly confined to petrographic descriptions, 
and these have been summarized in the last mentioned 
paper. In recent years there has been renewed 
interest in the petrological, structural and geo­
physical characteristics of the dolerite (Jaeger and 
Joplin, 1955; Joplin, 1957; Dolerite-A Symposium, 
1958).
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2Edwards showed that the do1erite magma belongs 
to the tholeiitic quartz dolerite association and is 
closely allied to rocks of similar age in the Karroo 
of South Africa, in Brazil, Antarctica and the Palisadan 
province of North America. He found that the dolerite 
has differentiated towards iron enrichment, and to 
a lesser extent silica and alkali enrichment, and 
although the intrusions he studied only showed moderate 
fractionation he suggested (p.604-) that the ultimate 
end-product would be granophyre; such was discovered 
by Rodger (1957? 112) at Red Hill in southeastern 
Tasmania.
The main part of the thesis is concerned with 
a detailed study of the dolerite-granophyre associa­
tion of the Red Hill area. Following discussion of 
the stratigraphy and geological history of the region 
in Chapter II, the form and mechanism of emplacement 
of the intrusion is treated (Chapter III). Descrip­
tions of the various rock types are presented in 
Chapter IV followed by the mineralogy of the rock 
series in Chapter V. Chapter VI deals with the 
chemical variation and differentiation trends within 
the Red Hill intrusion and discussion of the mechanism 
of differentiation and origin of the granophyre.
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The granophyre occurs in the highest structural 
parts of a large dyke-like intrusion of dolerite which 
exceeds one mile in width. It will be shown that the 
field, petrographic, mineralogical and chemical data 
all suggest strongly that the granophyre has arisen by 
differentiation of the dolerite. The passage from 
dolerite into granophyre is completely gradational and 
takes place by a steady increase in the proportion of 
quartz and alkali feldspar at the expense of pyroxene 
and plagioclase. The last two minerals show a pro­
gressive change in composition with fractionation; 
the pyroxene becoming more and more iron-rich and the 
plagioclase more sodic. The differentiation can be 
well explained by fractional crystallization with 
pyroxene and, to a lesser extent, plagioclase sinking 
under gravity, displacing the rest-magma upwards, to 
accumulate under the roof of the intrusion, where it 
crystallized to granophyre. The large volume of 
granophyre which occurs in the Red Hill Dyke cannot 
be satisfactorily accounted for by the differentiation 
of the column of dolerite in the intrusion and it 
seems very likely that some migration of acid residuum 
from an underlying dolerite sheet, into the dyke, 
must have taken place; the dyke behaving as a type 
of cupola.
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The trend towards moderate iron enrichment 
in the differentiation of the Tasmanian dolerite, 
noted by Edwards (1942), is well developed in the Red 
Hill Dyke and is followed by marked enrichment in 
alkalies and silica in the later differentiates.
The Red Hill area is situated between ten and 
twenty miles south of Hobart in southern Tasmania 
(see geological map and locality map, plate 1), and 
extends from Longley in the foot hills of Mt. Wellington 
southwards to the shores of D'Entrecasteaux Channel.
An area approximately thirteen miles long and four to 
five miles wide was mapped in order to elucidate the 
structural relationships between the dolerite and its 
associated granophyre and the sediments. The mapping 
was carried out on foot with the aid of aerial photo­
graphs, and on a scale of approximately four inches 
to the mile.
The western half of the area had been mapped 
by Rodger (1957) and his work, but with many altera­
tions, has been incorporated in the compilation of the 
map. A small portion of the extreme northeastern part 
of the map has been adopted from unpublished work of
M.R. Banks. Lewis (1946), in a survey of the geology 
of the Hobart district, covers part of the Red Hill
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area, but the mapping was on too small a scale to be 
of much value in this work.
The base map constructed by Rodger (1957) for 
the western half of the Red Hill area, from a slotted 
template laydown with trigonometrical control, has 
been used in the present v/ork. The remainder of the 
map has been constructed by tracing from an uncontrolled 
photomosaic; this was considered to be adequate for 
this work.
The topographic relief of the area is of the 
order of 1,000 feet. The rivers and creeks, which 
have dissected the region, have cut deep V shaped 
valleys and in the case of Snug River, where it 
traverses the Red Hill Dyke, almost a gorge. The hills 
are rounded in outline but generally are steep sided.
The main drainage pattern is transverse to the 
structural grain of the country; it may be a super­
imposed pattern or it might be the result of cutting 
back from the North West Bay Fault scarp.
Very good access to the area is provided by 
the Channel and Huon Highways and the many local roads 
which service the townships and farms, Sheep grazing, 
dairying and apple and apricot orcharding is carried 
out on the cleared land which is mainly confined to 
areas in which sediments form the bed rock. Most of 
the dolerite country is in its virgin state and is
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covered by eucalyptus and wattle trees and low, but 
commonly dense, undergrowth.
Three appendices are included in the thesis. 
These cover topics not directly concerned with the 
main theme of the thesis but which were studied in 
conjunction with the main problem or arose out of a 
general study of all the Tasmanian dolerites.
Appendix I embodies the results of the gravity survey 
which was carried out with Stott, across the Red Hill 
Dyke, in order to obtain information on the sub-surface 
structure. An examination of the rapid methods of 
silicate analysis of Shapiro and Brannock (1956) was 
made when a number of the Red Hill rocks were analyzed, 
and a report on this work is given in Appendix II.
In conjunction with R. Green a study of the 
structure of talus slopes of dolerite has been made 
by using a magnetic method; the results of this 
investigation, in the form of a published paper, are 
found in Appendix III.
It is with pleasure I acknowledge the financial 
assistance provided by General Motors-Holden Pty, Ltd. 
in the form of a Research Fellowship for two years, and 
to the Australian National University for a scholarship
for one year.
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II STRATIGRAPHY AND GEOLOGICAL HISTORY
(a) The Geological Sequence.
A summary of the stratigraphy and geological 
history of the Red Hill area is presented in Table 1.
The dolerite has invaded the gently dipping sediments 
of the Permian and Triassic Systems which together 
exceed 2,500 feet in thickness; neither the top nor 
the bottom of the sequence is exposed. The nearest 
outcrop of basement is over 50 miles distant and con­
sists of folded Ordovician conglomerate, sandstone and 
limestone overlying strongly folded Precambrian 
metamorphic rocks. It is not known whether the Permian 
sediments rest on Ordovician or Precambrian rocks in 
the Hobart area.
Banks and Hale (1957* 62) estimate that the 
Permian sequence in southeastern Tasmania is of the 
order of 2,300 feet in total thickness, of which 
approximately the upper 1,700 feet is exposed in the 
Red Hill area. The Permian System is essentially a 
marine sequence of mudstone, siltstone, sandstone and 
some limestone, all of which have a subgreywacke aspect. 
They are thought to have been deposited under relatively 
shallow water in a fairly stable environment (Banks 
and Hale, 1957* 63). By contrast the overlying dis- 
conformable Triassic sediments are of lacustrine or
Table 1. Summary of the Stratigraphy and
v G-eological History.
Age Formation Lithology Thickness 
(in feet)
(Quaternary River gravels and 
alluvium 20+
Tertiary Basalt Flows
Sands and clays
■
100(?)
50+
Tertiary
Early (?) 
Tertiary
Syenite Dykes 
STRONG NORMAL FAULTING
Jurassic Dolerite Intrusions
Triassic Lnocklofty Sand- Mainly quartz
stone and shale sandstones
600+
DISCONFORMITY
Ferntree Mudstone Massive mudstones 600
Permian fifoodbridge Glacial Siltstones and 
Formation fine sandstones
250
Orange Mudstone Calcareous mudstone 500
Jndifferentiated Sandstones, silt-
Lower I'ermian stones, mudstones
fL500+(?)
UNCONFORMITY
Ordovician
or
Pre Cambrian
Folded basement rocks
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fluvial origin, and have probably been deposited in a 
large fresh water lake or perhaps a series of inter­
connected lakes. The Triassic System of Tasmania 
consists of quartz sandstone in the lower part of the 
sequence followed upwards by feldspathic sandstone 
with shale, and some coal seams; the total known 
thickness being about 2,000 feet (Banks, 1992). In 
the Red Hill area only the lower 600 feet of this System 
is present and is composed mainly of medium grained, 
massive and cross bedded, quartz sandstone with a minor 
amount of shale. It has been mapped as a single forma­
tion - the Knocklofty Sandstone and Shale (Banks, 1952).
The lower 700 feet of the Permian System in the 
Red Hill area consists of poorly sorted, very fossili- 
ferous, mudstone and sandstone and has been mapped 
(plate l) as “Undifferentiated Lower Permian“. It 
occurs extensively around Margate and in the Oyster Gove 
township area. The upper part of this unit is probably 
equivalent to the Bundella Mudstone of the Hobart area 
(Banks and Hale, 1957).
The Grange Mudstone, which overlies the 
Undifferentiated Lower Permian conformably, is a 
rythmically banded, very fossiliferous, buff coloured, 
mudstone about 500 feet in thickness. North of Margate
it shows a facies variation into calcareous mudstone and
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in places into limestone. Elsewhere the calcareous 
fossil remains have usually been almost completely 
leached out.
The Woodbridge Glacial Formation, a sequence of 
massive, yellow siltstones and sandstones, conformably 
overlies the Grange Mudstone. Rodger (1957* 110) gives 
a thickness of 470 feet for this formation at Oyster 
Gove township but in Snug River, where an almost vertical 
section of the complete formation is exposed, the 
measured thickness was 250 feet, in agreement with the 
figure for the Hobart area (Banks and Hale, 19571 59)* 
Fossils are present at some horizons but are rarely 
abundant. The presence of pebbles up to several inches 
in size, both in this and other formations, has led to 
the belief that these sediments are partly glacial in 
origin, but recent studies (M.R. Banks, personal 
communication) suggest that the pebbles have been 
deposited by turbidity currents, although there are 
undoubted tillites in the basal beds of the Permian, 
elsewhere in Tasmania.
The topmost formation of the Permian System in 
the area is the Ferntree Mudstone, overlying conformably 
the Woodbridge Glacial Formation. It is about 600 feet 
in thickness. The Risdon Sandstone, a medium to coarse 
grained sandstone about 15 feet thick, occurs at the
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base of the Ferntree Mudstone and has been defined as a 
separate formation by Banks and Hale (1957? 60).
However on the map it has been included within the 
Ferntree Mudstone. Above the Risdon Sandstone is the 
uniform grey, unfossiliferous, massive Ferntree Mudstone 
which, on weathering, assumes a characteristic yellow 
colour. It commonly develops a cliff-like outcrop 
because of its strong resistance to erosion.
The Triassic Knocklofty Sandstone and Shale lies 
with slight disconformity above the Ferntree Mudstone.
The dolerite was intruded throughout Tasmania 
as sills, large transgressive sheets and dykes into the 
Permian-Triassic sedimentary sequence, which probably 
exceeded 4,500 feet in total thickness. It is believed 
to have brought the Triassic sedimentation to a close 
in early Jurassic times (Hills and Carey, 1949; Banks, 
1958). During the remainder of the Mesozoic Era pene- 
planation is thought to have taken place followed by 
epeirogenic faulting during the Lower Tertiary. The 
North West Bay Fault and the Oyster Cove Fault (plate 1) 
both possibly belong to this period of faulting; they 
will be discussed below in more detail. Following the 
faulting the topography of the present day was slowly 
evolved.
In the Oyster Cove township and Kettering region 
numerous syenite dykes occur intruded into the Permian
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sediments and the dolerite. Edwards (194-7) considered 
the syenite was Tertiary in age but Carey (1958a) has 
suggested,on structural grounds, that it may be cognate 
with the dolerite.
(b) Faulting.
At least two periods of faulting can be recog­
nized. Associated with steeply dipping intrusive 
contacts between dolerite and sediments, faulting of 
the latter has taken place, cognate with the intrusion, 
in order that the dolerite could make room for itself.
Then during the Lower Tertiary large scale tensional 
faulting of the normal type occurred. Faulting associated 
with intrusions can usually be identified because the 
dolerite is chilled and the sediments metamorphosed.
At a steep dolerite-sediment boundary if the dolerite 
is unchilled nor the sediment baked and strong shatter­
ing is observed, a Tertiary fault is indicated. It is 
possible that a Tertiary fault may follow a steep 
intrusive contact when both chilling and metamorphism, 
as well as shattering, may occur. A fault which has 
sediments on both sides of its plane of movement but 
which apparently terminates against a large dolerite 
body is probably of pre-dolerite age or cognate with the 
intrusion (Banks, 1958).
The North West Bay Fault in the eastern part 
of the area (plate 1) appears to be a Tertiary structure.
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Triassic Knocklofty Sandstone and Shale has been down- 
faulted to the Undifferentiated Lower Permian so that 
the throw is a minimum of about 1,400 feet. Southwest 
of Snug township the fault intersects the Red Hill Dyke 
and changes its strike from south-southwest to south, 
to approximately follow the dolerite-sediment contact.
The North West Bay Fault continues southwards for two 
miles and then abruptly changes strike to trend eastwards 
along the Oyster Cove Valley to disappear into 
D'Entrecasteaux Channel. Within this large downthrown 
block occurs a triangularly shaped block which has been 
upthrown relative to the surrounding Triassic sediments, 
but still downthrown relative to the Red Hill Dyke.
This horst-like block contains dolerite intrusive into 
Triassic sediments and the dolerite has granophyre 
associated with it. To the west, across the main North 
West Bay Fault, and in the Red Hill Dyke the dolerite 
is a medium grained quartz dolerite. Therefore the 
inference is that the granophyre has been faulted down 
from a higher level within the dyke, which must have had 
a more irregular shape than further north, to explain 
the distribution of dolerite.
To the west of the Red Hill Dyke in the Oyster 
Cove township area a fault occurs which strikes west to 
southwest. The throw on the fault is at least 500 feet
but may be somewhat greater; lack of marker horizons 
prevents a more accurate figure being given. The fault, 
which downthrows to the north, can only be traced with 
certainty to the contact of the Red Hill Dyke; either 
it ends at the dyke, in which case it pre-dates or is 
cognate with the dolerite intrusion, or it cuts the dyke 
possibly to link up with the horst-like fault system 
on the eastern side of the dyke. To the southwest the 
Oyster Cove Fault also appears to terminate against a 
dolerite body, Just outside the boundary of the map, 
so that this provides further evidence that it is pre- 
dolerite or cognate with the dolerite in age.
15.
Ill THE FORM OF THE INTRUSION AND ITS 
MECHANISM OF EMPLACEMENT
(a) Introduction.
Out of the confused outcrop pattern of sills, 
transgressive sheets and dyke-like bodies, which have 
been mapped in the field, Carey (1958a) has shown that 
on a regional scale the intrusions are in the form of a 
single, large, flat-lying cone sheet. Carey (1958b) 
points out that the dolerite magma was intruded under 
considerable hydraulic pressure breaking through the 
basement rocks in feeder dykes. On rising to near the 
free upper surface the excess pressure would result in 
the tendency to punch out a conical shear fracture and 
produce steeply dipping cone sheets. However, overlying 
the folded basement rocks occurs the flat-lying Permian- 
Triassic sedimentary sequence, and because the density 
of the magma was probably about 2.7 and that of the 
sediments 2.6 or less, substantially less work would be 
done by the magma if it intruded laterally into the 
sediments, lifting them to make room for itself, rather 
than breaking right through to the surface. The end 
result of the tendency to punch out a conical shear 
fracture and the tendency to intrude laterally between 
the sediments was to produce a flatly-dipping cone
sheet.
[ j G rq n ophyrc  | | S ed im entsDolcritc
Fig. 1. Diagrammatic block diagram of the Red Hill 
intrusion.
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The Red Hill area is marginal to the large Huon 
Cone Sheet of Carey (1958a) which extends over an area 
of several hundred square miles. The first order 
structure of the dolerite of the Red Hill region is a 
large sheet-like intrusion, underlying the whole area, 
which is transgressive upwards through the sedimentary 
sequence from east to west; however in detail the 
intrusion is somewhat more complex and irregular.
In the northern part of the area (plate l) the 
dolerite occurs as a large, almost concordant, sheet 
of the order of 1,500 feet in thickness which, to the 
south, passes abruptly into a near vertical dyke-like 
body of dolerite, up to one mile in width. This 
structure, known as the Red Hill Dyke, arises out of, 
and is underlain by, a large, unexposed sheet-like 
body which is continuous with the northern sheet (see 
plate 2 and fig. 1). In the upper parts of the Red Hill 
Dyke and in a similar dyke-like structure at Hickman’s 
Hill granophyre is found associated with the dolerite.
No granophyre has been found in the associated sheet­
like body.
It is considered that all the dolerite in the 
area mapped is interconnected and the result of a single 
intrusion of magma. The dolerite has made room for 
itself by lifting the sediments, which it invades, so
Fig. 2. View southwards across the roof of the northern 
sheet of the Red Hill intrusion.
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that the whole intrusion was roofed by sediments which 
have subsequently been partly removed by erosion.
For the sake of clarity the form of the dolerite 
intrusion will now be dealt with in detail in three 
parts:
(i) The Northern Sheet
(ii) The Oyster Cove Block
(iii) The Red Hill Dyke.
(b) The Structural Units.
(i) The Northern Sheet.
To the north of the North West Bay River the 
dolerite is in the form of a large sill-like body which, 
except for minor local transgressions, is almost 
perfectly concordant (plate 1 and fig. 2). In places 
roof sediments are still preserved resting almost 
horizontally on the underlying dolerite. The dolerite 
has been intruded approximately 200 feet below the top 
of the Permian Grange Mudstone. In the northwestern 
part of the area, near Longley, the dolerite sheet 
terminates in a nearly vertical dyke-like wall, which 
strikes in a north-northeast direction. The dolerite 
is chilled and the Triassic sandstone on the western 
side of this boundary is metamorphosed, so that an 
intrusive contact is indicated. The stratigraphic 
difference between the Grange Mudstone, which occurs 
as roof sediment to the dolerite sheet, and the Triassic
,v \  \  \  \  \  \  \ \ \
/  '  '  Jdl '  '  '  /
>  /  / /  / /  / /  / /
Pu Pu
Fig. 3. Diagrammatic section northwest through Longley
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Knocklofty Sandstone and Shale on the western side of 
the boundary, enables an estimate to be made of the 
approximate thickness of the dolerite sheet (fig. 3)*
The minimum thickness is of the order of 1,300 feet*, 
a more exact figure cannot be given because of the lack 
of information on the stratigraphy of the Knocklofty 
Sandstone and Shale.
If dolerite occurs in the section to the west 
of the contact, then the thickness of the dolerite sheet 
exposed east of Longley would have to be increased by 
a similar thickness, in order to explain the strati­
graphic difference across the dyke-like contact.
The Permian sediments at Allens Rivulet are 
also roof rocks of the dolerite sheet, and this is 
clearly indicated by the concordant contact striking 
southeast from Sandfly. Further confirmation that 
these sediments are underlain by dolerite is provided 
by the fact that the Grange Mudstone is thermally 
metamorphosed to a very hard, grey hornfels. The roof 
of the underlying dolerite sheet is exposed in the 
valley of the rivulet, northeast of Hickman's Hill, but 
here the dolerite has intruded at a slightly lower 
stratigraphic horizon than further north. The same 
line of reasoning as was employed above suggests that 
the thickness of the dolerite sheet here is also at 
least 1,300 feet.
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The flat-lying sediments of the Allens Rivulet 
area extend to one mile south of Nierrina. The dolerite 
at Nierrina is intrusive about 150 feet below the top 
of the Grange Mudstone. In the Nierrina-Allens Rivulet 
area the dolerite is transgressive upwards to the west 
and near Nierrina it passes up through the Woodbridge 
Glacial Formation into the Ferntree Mudstone, commonly 
exhibiting steep contacts. The relationships are shown 
in the cross sections of plate 2.
The Nierrina-Allens Rivulet Permian beds are 
continuous with the sediments of the Margate area, to 
the east of the main exposed dolerite mass. Because 
no stratigraphic discrepancy has been found between the 
Margate and Nierrina areas then it is necessary to treat 
these sediments as a structural unit. Therefore as at 
least 1,300 feet of dolerite occurs under the beds of 
the Nierrina-Allens Rivulet area, then it follows that 
a similar thickness of dolerite should be present under 
the sediments of the Margate region. Here, however, the 
dolerite has intruded at a somewhat lower stratigraphic 
level in the Permian sequence than at Nierrina, since 
over 200 feet of sediments crop out below the Grange 
Mudstone, without any sign of the dolerite. To the 
northwest of Margate the dolerite has a steep dyke-like 
contact with the sediments but the dolerite must flatten 
out, some few hundred feet lower down, to assume a
Fig. 4. View looking northwards from Red Hill, with 
Hickman's Hill in middle distance and with Mt. Welling­
ton in the background.
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roughly sheet-like form again under the Margate sediments. 
This is shown in sections EF, GH, and JK in plate 2. 
Confirmation that this is the form of the intrusion is 
provided by the outcrops of dolerite, intruded into 
Undifferentiated Lower Permian sediments, some three 
miles north of Margate.
On the western flank of Hickman’s Hill (see map, 
plate 1) the dolerite sheet underlying the Allens Rivulet 
sediments becomes strongly transgressive upwards so 
that the contact with the sediments is close to vertical. 
Three-quarters of a mile southeast of Hickman's Hill 
roof sediments are preserved but at an altitude over 
500 feet less than the top of Hickman's Hill. Therefore 
it is apparent that the dolerite of Hickman's Hill is 
a near vertical wall-like or dyke-like extension 
upwards from the underlying sheet of dolerite. It is 
considered that this dyke-like projection from the main 
dolerite sheet was emplaced by lifting the sedimentary 
roof rocks in a manner similar to the emplacement of 
the sill, and that subsequently the roof sediments 
have been removed by erosion. The occurrence of grano- 
phyre at Hickman's Hill is confined to the upper few 
hundred feet of this dyke-like projection.
Thus the form of the dolerite in the northern 
half of the area is a large sheet of minimum thickness 
of approximately 1,500 feet. It is intruded into the
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Lower Undifferentiated Permian sediments in the eastern 
part of the area but becomes strongly transgressive up 
into the Grange Mudstone, west of Margate, in a line 
striking approximately north-northeast and then becomes 
sheet-like again. Near the western margin of the area 
the dolerite ends either in a dyke-like wall, as at 
Longley, or becomes strongly transgressive up through 
the Permian sequence as in the Nierrina region. At 
Hickman's Hill a dyke-like body, about three-quarters 
of a mile wide and one and half miles in length, pro­
jects out of the top of the sheet to a height of at 
least 650 feet above the roof of the sheet.
Prom the general form of the intrusion it would 
seem, therefore, that the dolerite originated from the 
east, since the dolerite invades sediments progressively 
higher in the sequence from east to west.
(ii) The Oyster Cove Block.
The roof rocks of the northern sheet at Nierrina 
are separated from the sediments of the Oyster Cove 
block to the south by a dyke, about one-quarter of a 
mile in width, which extends in a northwesterly direction 
from the main Red Hill Dyke, to join up with the dolerite 
exposed at the western margin of the area (see map).
At its junction with this body a remnant of the sedi­
mentary roof is preserved in the small dyke. This 
appears to be Grange Mudstone which is about 600 feet
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Fig. 5- Diagrammatic section of small dyke, which strikes northwest off the Red Hill Dyke.
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Fig. 6. Diagrammatic section across the Oyster Gove 
Fault showing the possible relationship between the 
fault and the intrusive dolerite.
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higher than the equivalent beds of the Nierrina area.
The presence of this block of roof sediments proves 
that the dyke was intruded by lifting its roof rocks, 
rather than by lateral displacement of the sedimentary 
country rock.
Across this small dyke from the Nierrina to the 
Oyster Cove sediments a lack of stratigraphic rank 
of the order of 400 feet occurs. This may be explained 
by a decrease in the thickness of the underlying 
dolerite sheet in the Oyster Cove block as compared 
with the thickness of dolerite in the Nierrina section 
(fig. 5)* The evidence therefore suggests that the 
northern dolerite sheet continues under the Oyster Cove 
sediments, even though no dolerite has been observed in 
the field in this area, but has been reduced to a 
thickness of approximately 900 feet.
A fault of at least 500 feet throw passes through 
the Oyster Cove township. It was suggested above from 
the field relations that this fault was pre-dolerite 
or cognate with the dolerite in age. Possibly this 
fault is the surface expression of a sharp increase in 
the thickness of the underlying dolerite sheet (fig. 6).
(iii) The Red Hill Dyke.
To the south of Nierrina the northern dolerite 
sheet passes into the Red Hill Dyke which strikes in a 
south by east direction to the boundary of the area
Fig. 6A. View of Red Hill from the north, looking 
across the roof sediments of the Nierrina sheet.
Fig. 7* Red Hill from the southwest. Snug River runs 
from left to right in the valley in the middle dis­
tance .
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mapped, and beyond (plate 1). At Red Hill the Dyke is 
one mile in width but to the south it narrows consider­
ably. Southeast of O'Brien’s Hill the simple structure 
is somewhat confused by Tertiary faulting. However it 
would appear that here the Dyke bifurcates; one branch 
striking southeast to D'Entrecasteaux Channel, the other 
continuing southwards but reduced to about one third of 
the width at Red Hill. At Kettering the Dyke again 
divides into two bodies, a narrow one continuing south­
wards and broader one striking out into the Channel.
That the Red Hill Dyke is an almost vertical 
wall of dolerite is clearly shown by the nearly straight 
contacts with the sediments across a topography with a 
relief of about 1,000 feet, (see photographs, figs. 7 
and 8).
The Red Hill Dyke is considered to have been 
emplaced by uplifting the sediments rather than by 
dilatational movement of the country rock in a horizontal 
sense. If the emplacement took place by the latter 
mechanism it would be expected that a tensional gap 
would occur to the north of the Dyke. There is no evi­
dence of a tensional gap since the sediments of the 
Nierrina area are continuous with those of the Margate 
area; similarly no lateral movement has taken place 
between the Nierrina and Oyster Cove sediments. The 
evidence therefore indicates that the Dyke was intruded
Pig. 8. View looking northwards from O'Brien’s Hill 
along tlhe western contact of the Red Hill Dyke. Red 
Hill to the right.
Fig. 9. Red Hill from the northern flank of O'Brien's 
Hill.
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by lifting the sediments it displaces, much in the same 
way as the sheets and sills were emplaced. Thus it is 
apparent that the Red Hill Dyke was roofed by sediments.
Red Hill area is underlain by a large sheet of dolerite. 
As the sheet surrounds the Red Hill Dyke it seems 
reasonable to suggest that the sheet is continuous under 
the Dyke. The structure envisaged therefore is that 
described above for the Hickman’s Hill area; a large 
underlying sheet of dolerite with a dyke-like upward 
protruberance which extends over 1,000 feet vertically 
from the roof of the sheet (plate 2) and which has made 
room for itself by lifting the overlying sediments. The 
column of dolerite in the Red Hill Dyke, and including 
the underlying sheet, is about 2,500 feet on the struc­
ture proposed. The granophyre occurs in the highest 
structural parts of the Red Hill Dyke, and presumably 
below the upper chill zone of dolerite and the roof 
sediments of the Dyke, which have since been removed
dolerite into granophyre indicating a genetic relation­
ship between them, but for the purpose of map compilation 
it has been necessary to draw an arbitrary boundary 
between them. The granophyre is always confined to
It has been shown above that the whole of the
by erosion.
(c) Location and Extent of the Granophyre.
In the field there is a complete gradation from
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the structurally high parts of the dolerite intrusions 
and has only been found where the dolerite is dyke-like 
in form. Thus at Hickman’s Hill about 250 feet of grano- 
phyre occurs in the upper part of a dyke-like protruber- 
ance, which is structurally well above the surrounding 
dolerite sheet out of which it arises. Similarly in the 
Red Hill Dyke the granophyre occurs in the high struc­
tural parts of the intrusion. Here the granophyre 
extends from the northern termination of the Dyke south 
to O'Brien's Hill, over a distance of two miles.
Between Red Hill and O'Brien's Hill the Snug River has 
cut a valley 1,000 feet in depth exposing the medium to 
coarse grained dolerite underlying the granophyre.
On Red Hill over 600 feet of granophyre is 
exposed. In Poverty Gully to the north of Red Hill the 
granophyre occurs down to an altitude of 500 feet but 
on the southern side of the hill its lowest outcrop is 
about 750 feet above sea level. Thus from north to 
south through Red Hill there is a gentle slope upwards 
in the base of the granophyre (fig. 10). The lowest 
exposed granophyre on O'Brien's Hill is at the same 
altitude as that on the south side of Red Hill so that 
the base of the granophyre is approximately horizontal 
in this region. The uppermost 500 feet of O'Brien's 
Hill is composed of granophyre. The hill immediately 
to the south attains about the same altitude as O'Brien's
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Hill (fig. 10) but no granophyre is present on it; the 
rock is a medium grained, but rather acid, dolerite.
The reason for the lack of granophyre on this hill is 
not clear; it is possible that the roof of the dyke was 
at a higher altitude than at O'Brien’s Hill, so that 
the granophyre which collected below it has since been 
removed by erosion. This interpretation is supported 
by the occurrence of granophyre in dolerite, one and a 
half miles south of O'Brien's Hill. This dolerite is 
intrusive into Triassic sediments indicating it had 
reached a higher stratigraphic level than further north 
at O'Brien's Hill and Red Hill. It is considered that 
this dolerite and its associated granophyre is part of 
the Red Hill Dyke which has been faulted down to its 
present level during the Tertiary epeirogenic movements.
It was pointed out above that the granophyre, 
north of Red Hill, occurs down to an altitude of 500 feet 
in Poverty Gully. This is a little below the level of 
the top of the dolerite sheet in the Nierrina area. 
Careful examination showed that no granophyre occurs 
in the upper parts of the Nierrina dolerite sheet. 
Granophyre is also absent from the upper part of the 
northern dolerite sheet, which is so well exposed to 
the north of the North West Bay River. It is therefore 
clear that the granophyre is restricted entirely to the 
upper parts of the dyke-like protruberances arising out 
of the dolerite sheets.
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On Red Hill at least 600 feet of granophyre is 
exposed but this is a minimum thickness because some has 
probably been removed by erosion. The structural inter­
pretation showed that the column of dolerite below the 
Red Hill Dyke was approximately 2,500 feet. Thus the 
granophyre comprises about one quarter of the estimated 
thickness of dolerite - a volume in excess of the amount 
that might be expected to result from the differentiation 
of the dolerite. A possible explanation of the large 
volume of granophyre might be that the Red Hill Dyke, 
and by analogy the dyke at Hickman's Hill, extends 
downward through the floor of the underlying dolerite 
sheet, so that a greater column of dolerite was avail­
able to differentiate. The dyke could only extend down­
wards for approximately 1,500 feet below the floor of 
the sheet before reaching the folded basement rocks, 
where the dolerite would probably occur in relatively 
small feeder dykes (Carey, 1958b). Thus by assuming 
the above structure the column of dolerite available 
for differentiation could be increased to about 4,000 
feet. Although the field evidence strongly supported 
the original structure proposed it was not possible to 
completely rule out the second alternative on the 
available data.
To obtain further information on the subsurface 
structure a gravity survey was carried out over the
Fig. 11. Western contact of the Red Hill 
Snug River. Grange Ludstme to the left, 
to the right. The hammer lies across the
Dyke in 
do1erite 
contact.
Fig. 12. Eastern contact of the Red Hill Dyke, 50 yards north of Snug River. Dolerite (dark) below, 
light coloured Grange Mudstone above. Note sharpness 
of the contact ana its transgressive nature. Bedding 
of Grange Mudstone is approximately horizontal. Per 
indicates scale.
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Red Hill Dyke (see Appendix I). Since the dolerite has 
a higher density than the sediments which it invades and 
displaces, it should be possible, from the gravity data, 
to decide which structure is the most reasonable one.
The gravity profiles were rather complex; however the 
results clearly indicate that the Red Hill Dyke cannot 
extend down through the underlying dolerite sheet and 
that the most plausible structure is essentially that 
first proposed, that is : the Red Hill Dyke is a wall-
like projection upwards from the roof of the underlying 
dolerite sheet. A further discussion of the volume 
relationships is given in a later section.
(d) The Effect of the Dolerite on the Invaded Sediments.
Throughout Tasmania the intrusive contacts 
between dolerite and sediment are invariably knife-sharp 
(see figs. 11 and 12); there is no evidence of reaction 
or assimilation having taken place, the only effect 
being the thermal metamorphism of the country rock 
adjacent to a contact. In the Palisadan tholeiitic 
province (Lewis, 1908; Walker, 194-0) and that of 
Northern England and Scotland (Holmes and Harwood, 1928; 
Walker, 1955) the dolerite behaves in a similar manner 
towards the sediments. However by contrast the Karroo 
magma has commonly been extremely active towards the 
invaded sediment; reaction with and metasomatism of 
the sediment by the dolerite magma is a very common
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phenomenon (Walker and Poldervaart, 1949), and they 
attribute this to an abnormally high content of volatiles 
in the magma, or the presence of unusually abundant 
quantities of fluxes in the country rock.
The thermal metamorphism of the sediments by the 
Tasmanian dolerite magma has produced hornfelses, 
exhibiting the typical conchoidal fracture, from the 
fine grained rocks, and glistening quartzites from the 
sandstones. In most cases the sediments have been 
affected for only a few yards from the contact. However 
when the dolerite is intrusive into Grange Mudstone 
the metamorphism is noticeable for distances up to or 
over 100 feet from the contact. The susceptibility of 
the Grange Mudstone to thermal metamorphism is possibly 
related to the calcareous nature of this formation.
Edwards (1942, 459) considered that the narrow 
metamorphic aureoles were the result of the dolerite 
intrusions having a limited supply of heat but 
McDougall (1959, 64) suggested that it was the absence 
of a catalyzing fluid being expelled from the crystalliz­
ing magma which limited the thickness of the contact 
zones. Jaeger (1959, 47) has made calculations on the 
temperatures adjacent to a cooling intrusive sheet, and 
concludes that, on the assumptions made, there is no 
apparent reason why the contact metamorphic zone 
should be so thin as a relatively high temperature is
Fig. 13« Irregular, but sharp, contact between 
dolerite (below) and Grange Mudstone (above), western 
contact of the Red Hill Dyke, Snug River. The con­
tact is approximately vertical. Thin rheomorphic 
vein of Grange Mudstone intruding dolerite.
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expected, in the sediments, for a considerable distance 
from an intrusive contact. However Jaeger (1959, 53) 
suggests that the thin baked zones could be the result 
of preheating of the contact surface by the removal of 
chilled magma and replacement by fresh magma, so that 
the surface may be heated to a somewhat higher tempera­
ture, than if the magma was intruded suddenly and 
immediately began to crystallize. That there is also 
some compositional factor involved is shown by the very 
extensive hornfelsing of the calcareous Grange Mudstone, 
compared with the normal quartrose sediments.
Bheomorphic veining of dolerite by mobilised 
country rock is a common phenomenon in the Karroo province 
of South Africa (Walker and Poldervaart, 19^ -9, 675) and 
has since been reported from the Palisades (Walton and 
O'Sullivan, 1950; Walker, 1958a., 13) and also on a 
very small scale from the Scottish Palaeozoic province 
(Walker, 1958b, 113-116). No occurrence of rheomorphic 
veining associated with the Tasmanian dolerites has been 
reported in the literature. However Burns (1956, unpub. 
report) records small veins of fine grained quartzite in 
a dolerite contact at Mt. Lloyd, in the Derwent Valley, 
northwest of Hobart. Several small irregular veins of 
mobilized mudstone have been found associated with the 
contacts of the Red Hill intrusion, one of which is 
shown in fig. 13, but they are by no means common in
this area.
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IV PETROGRAPHY
(a) Nomenclature of the Rocks in the Red Hill Intrusion
The chilled marginal phases of the dolerite 
intrusions should he called basalts if a strictly des­
criptive terminology was followed. However the terms 
basalt and dolerite are commonly used in a genetic sense 
basalt being applied to extrusive basic rocks whereas 
dolerite refers to the hypabyssal equivalents. In the 
following the genetic classification has been used, so 
that the fine grained marginal phases have been termed 
chilled dolerites.
The bulk of the Tasmanian dolerites can be re­
ferred to as quartz dolerites, since an appreciable 
amount of quartz occurs intersertally between the 
plagioclase and pyroxene. Because much of the dolerite 
also contains potash feldspar, associated with the inter- 
sertal quartz, it could equally well be called grano- 
dolerite (Shand, 1917, 466; Holmes, 1920; Ellis, 1948, 
466). This term, however, is not commonly used and 
therefore is not employed here.
Following general practice the most acid rocks 
of the Red Hill intrusion are termed granophyres.
However Johannsen (1932, 288) pointed out that Vogelsang 
first used this term in 1872 for porphyries possessing 
an holocrystalline granular groundmass in which very 
subordinate amounts of imperfectly crystallized material
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may occur. Rosenbusch (1877, 86) preferred to employ 
the name for those extrusive porphyries in which the 
groundmass is composed of intimately intergrown quartz 
and feldspar. Johannsen (1932, 288) suggested that 
granophyre be extended to include hypabyssal rocks with 
a similar texture. The definition of Johannsen has 
been followed in the literature but the term granophyre 
has also commonly been employed for acid hypabyssal 
rocks which are not porphyritic but which do exhibit 
the quartz-feldspar intergrowth. Many of these grano- 
phyres are genetically related to basic intrusions, and 
as a result of this the term has been broadened even 
further to include acid rocks which are associated with 
basic intrusions, but which do not necessarily have the 
intergrowth texture very well developed. This is the 
sense in which it has most commonly been used (Bowen, 
1910; Grout, 1918; Bailey et. al., 1924; Krokström, 
1932; Wager and Deer, 1939; Hotz, 1933) arid is the 
way in which the term is employed here.
Since the dolerite and granophyre grade into one 
another in the Red Hill intrusion the problem arises as 
to the term which should be used for the transitional 
rocks. The high proportion of quartz and alkali feldspar 
(40%) necessitates the use of a name other than quartz 
dolerite for such rocks. It was decided to call these 
rocks fayalite granophyres because of the incoming of
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an iron-rich olivine in these very acid dolerites, even 
though the typical doleritic texture still occurs.
(b) Definition and Use of Textural Terms.
The various textural terms have been used with a 
variety of meanings in the literature, so it is necessary 
to state explicitly how they are employed in what follows.
Intergranular: Defined by Holmes (1 9 1 8 ,  1 9 1 )
for that texture in which pyroxene occurs as individual 
grains between plagioclase laths. Generally the plagio- 
clase and pyroxene crystals are of approximately the 
same grain size.
Ophitic: This term is generally used to describe
dolerites in which large anhedral to subhedral pyroxene 
crystals completely enclose smaller plagioclase laths. 
Following KrokstrÖm ( 1 9 3 3 )  ^ Clark (1 9 3 2 )  and Walker (1 9 3 7 )  
this is the meaning adopted here and is very similar to 
the original definition of Zirkel ( 1 8 6 6 ) .
Subophitic: Instead of the plagioclase laths
being enclosed in pyroxene, as in the ophitic texture, 
they are only partially included. In dolerites exhibiting 
this texture Tyrrell ( 1 9 2 6 ,  9 0 )  states that the plagio­
clase and pyroxene are approximately the same size, 
whereas Clark ( 1 9 5 2 ,  7 1 )  a n b  Walker (1 9 5 7 ?  2 )  have 
observed that the plagioclase laths are usually larger 
than the pyroxene crystals. However in the Tasmanian 
dolerites, the majority of which have a subophitic
34-
texture, the laths of plagioclase are usually considerably 
smaller than the pyroxene. Krokström (1933) used sub- 
ophitic in a somewhat different sense, reserving this 
term for the texture in which the pyroxene is subordinate 
in amount and occurs in the interstices between plagio­
clase laths but with a uniform orientation over 
relatively large areas.
Hypautomorphic granular: This term refers to
rocks which are holocrystalline and in which some crystals 
of the main constituents are idiomorphic but the majority 
are xenomorphic (c.f. Johannsen, 1931, 31)* It strictly 
includes the ophitic and subophitic textures referred to 
above, but is here used to describe those dolerites in 
which the plagioclase laths are rarely even partly 
included in the pyroxene. It generally occurs in the 
coarse pegmatitic dolerites in which the plagioclase 
laths are of the same order of size as the pyroxene 
crystals.
Ophimottling: Bailey et. al. (1924, 138) applied
this term to dolerites in which the pyroxene occurs as 
large crystals confined to separate areas between which 
there are relatively large areas, consisting of plagio­
clase laths, free from pyroxene.
Granophyric: This is the texture in which quartz
and feldspar are intimately intergrown with one another 
(Hosenbusch, 1877, 3D* It includes the micrographic
Fig. 14. Welded contact of dolerite (dark) and Grange 
Mudstone; (light). The scale is 1cm in length. Speci­
men (M24-1) from eastern contact of Sea Hill Dyke, 150 
yards so;uth of Snug River.
Fig. 15* Photomicrograph of welded contact from speci­
men (M241). Chilled dolerite (right) consisting of 
minute granules of plagioclase and pyroxene ana a 
microphenocryst of orthopyroxene. The Grange Mudstone 
(left) metamorphosed to a hornfels consisting of 
diopsidlc pyroxene (high relief), quartz, plagioclase 
and alkali feldspar. Plane light, x 65.
and micropegmatitic textures which are generally applied 
to the more ordered and regular intergrowths, but grano- 
phyric is also used to describe the less regular inter­
growths in which the quartz may be in the form of blebs, 
rods, shreds or other shapes. Generally the quartz 
occurs as numerous fragments in a base of feldspar and 
the patches of quartz commonly have the same orientation 
over some little area.
(c) Descriptive Petrography.
(i) Chilled dolerite.
The dolerite at the intrusive contacts with the 
sedimentary country rock has been invariably chilled to 
a dense, extremely fine grained rock, exhibiting a sub- 
conchoidal fracture. The chilled dolerite is dark grey 
in colour. These contacts are very sharply defined 
(figs. 11 and 12), and in some cases the dolerite and 
sediment are welded together (figs. 14 and 15). Within 
about ten feet of the contacts the dolerite assumes a 
somewhat mottled appearance owing to the rapid increase 
in grain size. The chilled dolerites are usually 
holocrystalline and intergranular, consisting essentially 
of pyroxene and plagioclase with sporadic micropheno- 
crysts of euhedral orthopyroxene and some plagioclase 
(fig. 15). Rarely the contact dolerite is composed of 
microphenocrysts of orthopyroxene, plagioclase and also 
clinopyroxene set in a microcryptocrystalline groundmass 
of partially devitrified glass (fig. 16).
Fig. 16. Chilled dolerite specimen (M172). Euhedral 
orthopyroxene microphenocryst and microphenocrysts 
mainly of plagioclase laths set in a microcrypto­
crystalline groundmass. Plane light, x 6$.
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The microphenocrysts of orthopyroxene occur as 
discrete, colourless, crystals of prismatic form usually 
between 0.2 mm and 0.5 mm in length , and constitute less 
than 2% of the rock. The orthopyroxene is a bronzite 
(Off^) but may have a very thin outer rim as iron-rich 
as Of^Q. The microphenocrysts of plagioclase are up to 
0.6mm in size and are usually lath shaped and may be 
slightly zoned. They are very lime-rich, and have the 
composition of bytownite. It is unusual to find clino- 
pyroxene as microphenocrysts but in specimen (M172) small 
granules and prisms averaging 0.05mm in size are present, 
either as isolated crystals or in a group of several 
(fig. 16). The clinopyroxene is an augite. Normally 
the microphenocrysts constitute less than 5% by volume 
of the chilled dolerite sind rarely may make up to 7*5% 
of the rock.
In specimen (M172), obtained from the absolute 
contact of the Red Hill Dyke, the groundmass is micro­
cryptocrystalline and consists of groups of minute 
radiating and fan-like fibrous crystallites. It has 
the appearance of devitrified glass (fig. 16).
Generally, however, the groundmass of the chilled 
dolerites is holocrystalline but very fine grained 
(fig. 15), and is composed essentially of small anhedral 
granules of pyroxene and elongate laths of plagioclase, 
with a small amount of iron ore as granules. The grain
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size is usually less than 0.01mm. The groundmass pyroxene 
appears to he augite and orthopyroxene, the latter however 
gives way to pigeonite within a few feet of the contact. 
The plagioclase laths of the base are of fairly uniform 
composition (An^) with only slight zoning. Twinning is 
well developed.
Within the groundmass of these chilled dolerites 
sporadic crystals of quartz up to 0.3™ occur, and 
occasional grains of brown biotite are also present.
Traversing away from the contacts the grain size 
of the dolerite steadily increases; where the actual 
contact is glassy the dolerite becomes holocrystalline 
within several inches of the contact. At a distance of 
about four feet from the contact the grain size of the 
groundmass has increased to about 0.1mm and an inter- 
sertal mesostasis, consisting of a micrographic inter- 
growth of quartz and alkali feldspar, makes its appear­
ance. Further from the contact the dolerite continues 
to increase in grain size and the texture changes from 
intergranular to subophitic.
Two chemical analyses have been made of chilled 
dolerites from the Red Hill intrusion and these are 
presented in table 2 together with the modal analyses 
(in volume per cent).
TABLE 2
M2 00 M2 00
Quart z
Alkali felds-
Plagioclase
Orthopyroxene
Clinopyroxene
0.16
Glass
M200: Chilled dolerite from the absolute contact
three-quarters of a mile northeast of
Longley. Analyst: lan McDougall
Chilled dolerite from the absolute contactM172:
north of Snug River. Analyst: Ian McDougall

Fig. 17- Hand specimen of medium grained quartz doler- 
ite (M210). Dark areas mainly of pyroxene with light 
areas composed of plagioclase and intersertal meso- 
stasis. Scale mark is 1cm in length.
Fig. 18. Quartz dolerite (specimen M212) consisting 
of pyroxene (grey, high relief) moulded on plagio­
clase (colourless) giving su'bophitic texture. A few 
granules of iron ore present also. Plane light, x 35»
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(ii) Quartz dolerite.
The dolerite increases progressively in grain size 
away from the chilled contacts so that within 50 feet it 
has assumed a medium to coarse grained texture. It is 
blue-grey in colour and strongly mottled; large areas of 
pyroxene up to 5mm or more across, which are irregular to 
prismatic in form, are sharply contrasted with the light 
blue-grey feldspathic areas of similar size (fig. 17).
In thin section (figs. 18, 19, 20) the quartz 
dolerites consist of pyroxene and plagioclase with an 
intersertal mesostasis composed of quartz and potash 
feldspar (anorthoclase), usually in granophyric inter- 
growth. Iron ore is present as an accessory and amphibole, 
biotite, apatite and zeolite occur in minor amounts. The 
texture is generally subophitic although in some cases it 
is ophitic.
The pyroxene occurs as anhedral to prismatic 
crystals which are strongly moulded on plagioclase laths.
It is present as independent crystals or in glomeroporphyritic 
plates up to 5mm across. In the more acid dolerites the 
ophimottling texture is commonly developed. Within the 
Red Hill Dyke the pyroxene content of the quartz dolerite 
varies from 35% to less than 25% by volume; the highest 
concentration occurring in the dolerites adjacent to the 
chilled contacts, and the lowest proportion in the more 
acid dolerites in the central parts of the dyke, below the
Fig. 19* Quartz dolerite (specimen M210) composed 
of slightly altered pyroxene, which is very strongly 
moulded on plagioclase laths (colourless). A large 
irregular iron ore grain present (lower centre) 
adjacent to pyroxene. Plane light, x 35*
Same as above, crossed nicols, x 35*Fig. 20.
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fayalite granophyre. The average size of the pyroxene 
crystals generally lies between 1mm and 2mm (table 7), 
ranging in size up to 5mm. In the marginal zones the 
pyroxene has a somewhat smaller grain size.
The quartz dolerites contain the two clinopyro- 
xenes, augite amd pigeonite, which appear to occur in 
about equal proportions in most rocks. The two pyroxenes 
can only be distinguished from one another by their 
difference in 2V; the colour, form and other optical 
properties are very similar. Not uncommonly the two 
varieties are intergrown with one another, each having 
the same crystallographic orientation. Rarely one 
pyroxene completely encloses the other; in such cases 
pigeonite usually occurs in the core. The clinopyroxene 
commonly is simply twinned on (100), and invariably a 
fine parting parallel to (001), caused by exsolution, 
is developed.
Between the chilled contact and 200 feet from the 
margins of the Red Hill Dyke the dolerite contains 
orthopyroxene in addition to the two clinopyroxenes.
The primary orthopyroxene, found as microphenocrysts in 
the chilled dolerites, persists for about 50 feet from 
the contact and is commonly mantled by pigeonite. It 
tends to be elongate in form and may include small plagio- 
clase laths ophitically. The pigeonite in these rocks 
has in some cases inverted to orthopyroxene (see below),
Fig. 21. Quartz dolerite (specimen M395) showing 
large pyroxene in subophitic relationship to 
plagioclas.e. Granophyric intergrowth of quartz and 
alkali feldspar with a few granules of iron ore 
borders a plagioclase lath. Plane light, x 35«
Fig. 22. Same field as fig. 21 with cross nicols, 
x 35* Pyroxene crystal is simply twinned on (100).
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but beyond 200 feet from the contacts this does not 
occur.
All the pyroxenes of the quartz dolerites have 
a pale brown colour and they are usually fairly fresh; 
however incipient alteration, particularly around the 
margins, is common. In general the pyroxenes are only 
weakly zoned, but the augite in the more acid quartz 
dolerites may be partially rimmed by a pale green augite, 
which has slightly different optical properties. The 
pyroxenes change progressively in composition, becoming 
more iron-rich with fractionation; this will be dis­
cussed below.
Plagioclase is the most abundant constituent of 
the quartz dolerites, forming between 45% and 60% by 
volume (table 3)« The majority of the crystals are 
lath shaped (figs. 19-22) and the length is usually 
about twice the width. The average length of the laths 
is about 0.4mm, but in the dolerites adjacent to the 
contacts it is slightly smalls?, and in the more acid 
dolerites the average length is nearer 0.6mm (table 7)* 
The maximum length attained is about 2mm but in the 
most acid quartz dolerites it may reach or exceed 3™. 
Although the bulk of the plagioclase is a labradorite 
(An^Q-An^), in some cases there is strong zoning from 
a core of bytownite (Ang^) to a thin rim of andesine 
(An^). Simple and multiple twins are extremely well
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developed. The plagioclase is generally fresh and 
colourless, hut slight alteration to, or replacement 
hy, prehnite, zeolite or saussurite may occur.
The acid mesostasis, which occurs intersertally, 
is ubiquitous in the Tasmanian dolerites, except in the 
chilled margins at the absolute contacts. The volume 
of the mesostasis increases from about 15% in the 
dolerites adjacent to the chilled margins to 25% or even 
30% in the more acid dolerites (table 3)* Usually it 
occurs in small areas interstitially between plagioclase 
laths, but in the more acid quartz dolerites it may be 
present in areas which may exceed 3flim in size (figs. 21, 
22). The texture of the mesostasis in the Red Hill 
dolerites is widely variable, but its mineral composition 
remains fairly constant; the essential constituents 
being quartz and potash feldspar, which are present in 
approximately equal proportions. The mesostasis may 
consist of a well developed micrographic intergrowth of 
quartz and alkali feldspar, similar to type 3 of Spry 
(1958, 108), or the quartz and potash feldspar may occur 
together as independant grains. In most quartz dolerites 
of the Red Hill intrusion the two textural types occur 
together in the same specimen; however in some rocks 
the one type may be present almost to the exclusion of 
the other. Usually the quartz is anhedral but the alkali 
feldspar may form more or less equant, euhedral to sub- 
hedral, crystals.
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The granophyric intergrowths themselves show a 
wide variation in texture and grain size. Of common 
occurrence is the micrographic (sensu stricto) or 
"heiroglyphic" type in which many quartz grains of 
triangular or irregular shape with re-entrant angles, 
and all of a common orientation, are embedded in a 
relatively large crystal of potash feldspar. The size 
of these angular quartz grains varies from less than 
O.O^nnn up to as large as 0.25mm in exceptional cases, 
and there may be a considerable range in size within the 
one crystal of alkali feldspar. The quartz may also 
occur as elongate grains or thin rods composed of a 
single crystal or a number of granules of different 
orientation. In some cases a group of sub-parallel 
quartz rods may traverse the mesostasis for up to 2mm, 
cross-cutting the base composed of crystals of alkali 
feldspar. The individual intergrowths vary from 0.1mm 
in diameter to over 1mm, but in general they average 
0.2mm to 0.5mm in size.
The anorthoclase of the mesostasis is generally 
somewhat turbid with alteration (kaolinization?) although 
rarely it may be quite fresh. Commonly this alkali 
feldspar has crystallized in optical continuity with an 
adjacent plagioclase lath.
In practically all of the quartz dolerites small, 
but variable, amounts of zeolite occur associated with
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the mesostasis. That it is of very late crystallization 
is demonstrated by the fact that the quartz and alkali 
feldspar commonly develop crystal faces when in contact 
with the zeolite. Also associated with the mesostasis, 
but occurring very sporadically, are small needles of 
apatite.
The iron oxide minerals are always present in 
the quartz dolerites but usually only make up between 
1% and 2% by volume. They occur as irregularly shaped 
crystals, rarely exhibiting crystal faces, but in some 
cases showing a marked tendency to be skeletal. The 
grain size varies greatly, from over 2mm down to minute 
granules. The iron ore commonly has crystallized at 
the margins of pyroxene crystals (fig. 19) but also 
occurs within the mesostasis. Late stage minerals such 
as fibrous green biotite and various indeterminate dark 
coloured alteration products may be associated with the 
iron ore.
A pleochroic brown or greenish brown amphibole 
in some cases occurs as an overgrowth on pyroxene, and 
crystallizes in such a manner that it retains the c 
crystallographic axis of the pyroxene. The amphibole 
is best developed on pyroxenes which are adjacent to 
mesostasis. Rarely a small crystal of amphibole may 
occur independantly of pyroxene and is then usually 
associated with the mesostasis. The amphibole has the
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appearance of a primary phase and commonly has developed 
crystal outlines, but it is possible, in some cases, that 
it has formed by reaction of the residual liquid with the 
already crystallized pyroxene. Zoning of the amphibole 
from a pleochroic brown core to a marginal pleochroic 
green or blue-green rim may be present.
A finely fibrous pleochroic green biotite may 
occur associated with the amphibole or in small areas 
within the mesostasis. Sporadic small plates of brown 
biotite also occur.
In table 3 the chemical analyses of eight quartz 
dolerites together with the modal analyses are tabulated. 
The analyses are arranged in order of increasing distance 
of the specimens from the contacts of the Red Hill Dyke, 
and increasing height in the intrusion, corresponding to
\progressively later differentiates.
TABLE 5
M9 M5 M2 09 M210 M2 21 M222 M595 M595
Si02 53.64 54.18 55-68 55.95 55.85 55.90 54.26 55.08
Ti02 0.85 0.94 0.72 0.80 1.05 1.44 2.00 1.52
A12°3 16.52 15-76 16.98 18.88 17.55 14.84 14.47 15.26
F e p O , 0.87 1.56 2.04 1.58 1.69 2.75 1.25 5.45
FeO 8.41 8.40 7.08 7.51 8.00 9.70 11.14 9.06
m2o 0.16 0.17 0.15 0.17 0.15 0.20 0.18 0.16
MgO 4.85 5.75 2.61 5.09 2.56 2.99 2.41 1.82
GaO 10.81 9.82 9.57 10.52 9.58 8.51 8.55 7.64
NapO 2.00 2.46 2.28 2.09 2.18 2.27 2.18 2.29
k20 1.54 1.24 1.58 0.95 1.62 1.54 1.70 1.84-
p2o5 0.16 0.65 0.27 0.16 0.26 0.22 0.24 0.19
H p O + 0.77 0.68 1.11 1.21 1.18 1.00 1.54 1.42
h2o- 0.25 0.58 0.25 0.20 0.24 0.44 0.50 0.50
100.59 99.99 :LOO.12 LOO.49 99.87 99.80 LOO.00 LOO.21
S.G. 2.895 2.896 2.840 2.845 2.859 2.896 2.904 2.880
r------------
(Quartz)
Alkali\16.6 17.2 19.2 14.6 16.5 25.7 26.8 51.0
felds­
par
Plagio
)
-52.0 56.4 56.5 59.5 59.9 51.9 47.4 49.5
clase
Clino-
pyro- 26.5 21.2 18.0 21.5 17.6 16.2 18.9 15.7xene
Iron 1.9 2.2 4 .6 1.9 5.2 4.4 5.7 2.9ore
Amphi- 0,7 0.7 0.6 0.5 1.0 0.5 1.0 0.8bole
Zeo- 0.4 0.5 0.7 1.5 1.5 0.8 0.1 0.4
lite
Alter- 2.1 1.8 0.6 0.9 0.5 2.5 2.1 1.9
at ion products
Key to Table 3*
M9 : 'Quartz dolerite; 165 yards from eastern contact
of Red Hill Dyke in Snug River and at an altitude of 180 
feet. Analyst: Avery and Anderson.
M3 : (Quartz dolerite; 300 yards from western contact
of Red Hill Dyke on road north, of Red Hill, and at an 
altitude of 790 feet. Analyst: Avery and Anderson.
M209 : Quartz dolerite; 440 yards from eastern contact
of Red Hill Dyke in Snug River, and at an altitude of 
210 feet. Analyst: Avery and Anderson.
M210 : Quartz dolerite; centre of the Red Hill Dyke in 
Snug River, and at an altitude of 250 feet. Analyst:
Ian McDougall.
M221 : Quartz dolerite; centre of the Red Hill Dyke,
and 270 feet above M210 on the road on the northern flank 
of O'Brien’s Hill. Altitude 520 feet. Analyst: Avery
and Anderson.
M222 : Quartz dolerite transitional to fayalite grano-
phyre as a small amount of iddingsite is present after 
olivine. Centre of the Red Hill Dyke, and 110 feet above 
M221 on the northern slope of O'Brien's Hill. Altitude 
630 feet. Analyst: Avery and Anderson.
M393 • 'Quartz dolerite transitional to fayalite grano-
phyre, from the centre of the Red Hill Dyke and 60 feet 
above M222 on O'Brien's Hill. Altitude 690 feet.
Analyst: Avery and Anderson.
M395 : Quartz dolerite transitional to fayalite grano-
phyre from the centre of the Red Hill Dyke on O ’Brien's 
Hill and 23 feet above Altitude 715 feet.
Analyst: Avery and Anderson.
Fig. 23. Hand specimen of fayalite granophyre 
(specimen M12). Dark irregular areas consist mainly 
of pyroxene and the lighter coloured areas are of 
plagioclase, quartz and alkali feldspar, giving the 
rock, a strongly mottled appearance. Scale mark 1cm 
in length.
(iii) Fayalite granophyre.
On Red Hill and O'Brien's Hill and further north 
on Hickman’s Hill the quartz dolerite passes gradation- 
ally upwards into fayalite granophyre. The first appear­
ance of the fayalitic olivine is taken as a convenient, 
if arbitrary, "boundary "between the dolerite and grano­
phyre.
The fayalite granophyre in hand specimen is not 
unlike the acid quartz dolerites, although sporadic 
yellowish-brown crystals of olivine may be discerned. 
However the rock is usually coarser and more strongly 
mottled than the quartz dolerite. The pyroxene tends to 
be more elongate, and in larger irregular areas, which 
are up to 10mm across, and contrasts strongly with the 
greyish-white feldspathic areas of similar size (fig.
23). In some cases it is possible to identify plagio- 
clase laths and also thin rods of quartz in the felds­
pathic areas. The fayalite granophyre occurring on 
Hickman's Hill is usually dark grey in colour, and appears 
to be quite fine grained in hand specimen. Closer 
examination reveals that the grain size, although 
slightly smaller, is comparable to that in the fayalite 
granophyres from other localities, and that the darken­
ing is the result of slight alteration within the felds­
pathic areas.
Microscopically the fayalite granophyre consists 
of anhedral clinopyroxene and olivine (or its alteration
Fig. 24. Photomicrograph of fayalite granophyre (speci­
men M384) with large crystal of ferroaugite moulded 
strongly on plagioclase laths. Marginal growth of 
amphibole on pyroxene at lower right and also a grain 
of iron ore adjacent to pyroxene and amphibole. Plane 
light, x 35*
Fig. 23. Same as above, crossed nicols, x 35« Angular 
grains of quartz in intergrowth with alkali feldspar 
in upper part of the field.
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products), laths of basic plagioclase and abundant quartz 
and potash feldspar which may occur in micrographic inter- 
growth. The minor constituents include iron ore, 
amphibole, biotite, apatite and zeolite. The texture is 
subophitic and granophyric. Figs. 24 to 28 are photo­
micrographs of fayalite granophyre.
The pyroxene, constituting about one tenth of the 
rock by volume, is of similar grain size to that of the 
quartz dolerite, except for the rock from Hickman's Hill, 
which is finer grained. Strong moulding of pyroxene on 
plagioclase laths is common (fig. 24). In the fayalite 
granophyre the pyroxene is almost entirely ferroaugite; 
pigeonite decreases rapidly in amount in the acid quartz 
dolerites and disappears completely shortly after the 
fayalite begins to form. It has a purplish-brown colour 
and it may be faintly pleochroic. Marginal development 
of a pale green variety of ferroaugite also occurs.
Zoning of the pyroxene is present but never strong.
Simple twinning is absent but the (001) parting is 
commonly developed. Along this parting and around the 
margins of the crystals slight alteration has taken 
place. As in the quartz dolerites pleochroic brown or 
green amphibole may occur mantling the pyroxene 
(fig. 24), and rarely as independant crystals.
The olivine is fayalite (Fa^) and occurs as 
large, pale yellow, anhedral cr:/stals which are strongly
Pig. 26. Photomicrograph of fayalite granophyre 
(specimen M276). Dark anhedral fayalite crystal 
strongly moulded on plagioclase. Large grains of 
iron ore present associated with the fayalite. 
Plane light, x 35*
Pig. 27. Same as above with crossed nicols. At 
lower right quartz as thin rods and irregular grains 
associated with alkali feldspar.
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moulded on plagioclase (fig. 26). The crystals average 
between lmm and 2min in size but may be up to 5nmi across. 
The fayalite only constitutes between 2% and 5% by volume 
of the fayalite granophyres. It is remarkably constant 
in composition; zoning is essentially absent. Commonly 
the olivine is partially or completely altered to a 
yellow, or rarely green, iddingsite; the amount of 
alteration varying from specimen to specimen.
Tiagioclase makes up between 35% and 45% by 
volume of the fayalite granophyres. It retains the 
typical lath shape and twinning of the plagioclase of the 
quartz dolerites (figs. 25, 27); however the composition 
is slightly more sodic but is still a labradorite (An ). 
Zoning is strongly developed at the margins of the 
plagioclase, passing rapidly from labradorite to andesine. 
The average length of the plagioclase laths lies in the 
range 0.6mm to 0.8mm.
The quartz and alkali feldspar together have 
increased to between 30% and 50% by volume in the fayalite 
granophyre, with the potash feldspar in some cases in 
slight excess over quartz, although they are usually 
present in about equal proportions. They occupy areas 
up to several millimetres across and show a variety of 
textures. The quartz and alkali feldspar may occur as 
individual grains side by side or in rudimentary to very 
well developed granophyric intergrowths (figs. 25, 28).
Fig. 28. Enlargement of area in fig. 27 to show the 
intergrowth of quartz and alkali feldspar in more 
detail. Grossed nicols, x 63.
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The quartz in the intergrowths develops the typical 
angular shapes but is also present as groups of sub­
parallel thin rods. The alkali feldspar builds anhedral 
to broad lath shaped crystals, which are of the same 
order of size as the plagioclase laths. As noted above 
the alkali feldspar in some cases mantles the plagioclase 
in optical continuity. Generally it is somewhat turbid 
with alteration.
The iron oxide minerals occur as irregularly 
shaped crystals very commonly crystallized at the margins 
of pyroxene and olivine crystals (fig. 26). They vary 
in size from 2mm down to minute granules, but the average 
usually is between 0.2mm and 0.4mm. Generally it is 
present only to the extent of about 2% by volume.
Elongate needles of apatite are of sporadic 
occurrence associated with the quartz and potash feldspar, 
and areas of zeolite, up to 2mm across, may also be 
present.
In table 4 the analyses of four fayalite grano- 
phyres are given together with the modal composition 
(in volume per cent) of the rocks.
TABLE 4
M2 2 3 M3 84 M12 M32
Si02 57.70 60.40 60.37 63.80
Ti02 1.43 0.93 1.13 1.21
■^2^3 15.16 14.59 13.77 11.92
Fe205 5-76 1 1.37 2.00 3.86
FeO 7.54 8.08 8.20 7.03
MnO 0.20 0.14 0.17 0.10
MgO 1.20 0.78 0.83 0.59
CaO 6.56 6.14 6.14 4.24
Na20 ' 2.65 2.58 2.82 2.74
k20 1.82 2.30 2.42 3.12
P2°5 0.21 0.33 0.33 0.27
h2o+ 1.87 2.15 1.26 O.94
H2°” 0.32 0.41 0.52 0.76
100.42 100.20 99.96 100.58
S.G. 2.811 2.776 2.768 2.759
Quartz 14.2 19.0 18.3 22.2
Alkali feldspar 13.8 15 • 6 24.4 29.8
Plagioclase 49.6 48.0 41.5 31.5
Clinopyroxene 12.5 7.6 7.7 7.7
Fayalite 0.4 3.0 1.8 3.0
Iddingsite 0.2 0.6 1.5 1.2
Iron ore 5.9 2.0 2.1 1.6
Amphibole 0.7 0.9 0.7 -
Zeolite 1.7 1.7 - -
Alteration products
j
3.0 1.6 2.0 3.0
II
Key to Table 4.
M223 : Fayalite granophyre from the centre of the Red
Hill Dyke on O'Brien's Hill, and 45 feet above M395* 
Altitude 700 feet. Analyst: Ian McDougall.
M$84 : Fayalite granophyre from Poverty Gully creek,
north of Red Hill and at an altitude of 570 feet.
Analyst: Avery and Anderson.
M12 : Fayalite granophyre from road cutting on the
northern flank of Red Hill, and 550 yards from the 
western contact of the Red Hill Dyke. Altitude 715 feet. 
Analyst: Avery and Anderson.
M32 : Fayalite granophyre from summit of hill, 650
yards south of the Hickman's Hill trigonometrical 
station, and at an altitude of 1170 feet. Analyst:
Ian McDougall.
Fig. 29. Typical outcrop of granophyre on Red Hill, 
showing the very massive form of the rock. Note the 
streaky weathering.
Fig. 50. Granophyre in hand, specimen (specimen M164). 
Much elongated feathery pyroxene crystals and irregular 
areas of pyroxene and alteration set in a light coloured 
base of plagioclase, quartz and alkali feldspar. Scale 
mark 1cm in length.
Fig. 31« Granophyre (specimen M8) from near summit 
of Red Hill showing the elongate feathery crystals 
of pyroxene, and also iron ore, set in the felds- 
pathic base. Scale mark 1cm in length.
Fig. 32. Granophyre (specimen M19) from the summit 
of Red Hill. Dark areas consist of pyroxene and iron 
ore, which have been somewhat altered. The white 
areas are composed of ouartz, alkali feldspar and 
plagioclase.
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(iv) Granophyre.
In the Red Hill Dyke the fayalite granophyre 
passes upwards into the acid granophyre with the dis­
appearance of the olivine, and an increase in the pro­
portion of quartz and potash feldspar, mainly at the 
expense of plagioclase. On Red Hill over 400 feet of 
granophyre occurs above the fayalite granophyre but, 
because of its removal by erosion, only about 100 feet 
of granophyre remains on O'Brien's Hill, and it is almost 
completely absent from Hickman's Hill. In outcrop the 
granophyre is typically massive and develops extensive 
smooth, rounded surfaces (fig. 29). It is usually 
strongly weathered to a depth of several feet, making 
it extremely difficult to obtain fresh specimens.
The granophyre in hand specimen exhibits a 
strongly mottled black and white appearance (figs. 30 - 
32), which is distinctly different from the fayalite 
granophyre below. The well spaced dark areas consist of 
pyroxene, iron ore and, in some cases, alteration 
products. Pyroxene occurs as elongate, feather-like 
crystals which may attain a length of 30mm (figs. 30,
31). The iron ore also may form elongate needle-like 
crystals. The large irregular, white to light grey, 
areas consist of thin rods of quartz, elongate plagio­
clase laths, and potash feldspar.
Fig. 33. Elongate pyroxene (ferrohedenbergite) and 
quartz and alkali feldspar intergrowth in granophyre 
(specimen M162, Red Hill). Small plagioclase lath 
ophitically included in pyroxene to left of centre. 
Flane light, x 36.
Fig. 34. Elongate but irregularly shaped pyroxene 
in granophyrej specimen M164, Red Hill. Iron ore 
granules associated with pyroxene. Light areas con­
sist of quartz and alkali feldspar in granoohyric 
intergrowth and also of plagioclase laths. Plane 
light, x 35»
Fig. 35. Same as fig. 24 but with crossed nicols. 
Note broad lath of plagioclase (An^Q) at lower left.
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The granophyres in thin section are composed of 
elongate crystals of pyroxene and plagioclase (oligoclase 
mainly), and extremely abundant quartz and potash feldspar, 
which usually occur in granophyric intergrowth. Iron 
ore is also an essential constituent and accessories 
include amphibole, apatite, sphene, rarely fluorite, 
zeolite, prehnite, and various green to brown late stage 
alteration products. Figs. 35 to 38 are photomicrographs 
of granophyre. In the granophyre immediately above the 
fayalite granophyre an occasional crystal of olivine may 
be found. The average grain size of the major constituents 
is a little less than 1mm, excepting the pyroxene whose 
mean size lies in the range 1mm to 3iobi*
The pyroxene, a ferrohedenbergite, has a distinctly 
different form from that in the quartz dolerites or 
fayalite granophyres. It occurs as independant crystals 
of elongate habit which, however, rarely exhibit crystal 
faces, owing to strong interferance by other minerals 
(figs. 33-56). In some thin sections seemingly unconnected 
fragments, all of the same orientation, may extend over a 
distance of 10mm or more. The pyroxene constitutes 
between 5% and 10% by volume. In most granophyres the 
ferrohedenbergite occurs as two varieties, commonly inter- 
grown with one another. One variety has a pale purple 
colour and the other pale green; both being faintly 
pleochroic. When intergrown they have the same crystallo­
graphic orientation but have slightly different optical
Fig. 36« Photomicrograph of granophyre (specimen 
M176) from summit of O'Brien's Hill. Elongate 
pyroxene, and iron ore associated with it, and well 
developed intergrowth between quartz and alkali 
feldspar. Plane light, x 35«
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properties. Foldervaart (194-5, 92) and Muir (1951, 692) 
also have reported two varieties of ferrohedenbergite in 
the later differentiates of the New Amalfi sheet and 
Skaergaard respectively. The pyroxenes are untwinned 
and no (001) parting is present. In general the ferro­
hedenbergite is fresh but may be altered partially to 
yellow brown chlorite or dark indeterminable products.
Amphibole is only present in those granophyres 
immediately above the fayalite granophyre, where it occurs 
as an overgrowth on pyroxene. The reason for its absence 
is probably that the pyroxene, because of its very high 
iron content, crystallizes at a relatively low temperature, 
so that the residuum was exhausted in the ferromagnesian 
constituents before the amphibole became the stable phase, 
even though there was probably an appreciable water 
content in the crystallizing liquid.
On passing from fayalite granophyre into grano­
phyre the proportion of plagioclase decreases from 4-0% 
by volume to less than 30% in the granophyre. Most 
striking is the complete change in habit and composition 
of the plagioclase. It occurs mainly as very elongate 
crystals, the faces of which are commonly interfered with 
by quartz and alkali feldspar. The plagioclase is 
oligoclase (An-^-An^) but, particularly in the grano­
phyres immediately above fayalite granophyre, plagioclase 
of typical doleritic form, and composition andesine-
I_
Fig. 37. Very well developed granophyric intergrowth 
of quartz (white) and alkali feldspar (grey) surround­
ing a partially altered broad lath of plagioclase 
(about Arr,Q ). In granophyre (specimen M176). Plane 
light, x b?.
Fig. 38. Same field as fig. 37 but with crossed 
nicols. Note the quartz over an appreciable area 
has a uniform orientation.
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labradorite, is also present. 'The oligoclase is unzoned, 
and is usually turbid with alteration. Twinning is on 
the manebach law and also on the acline or manebach-ala 
laws. Potash feldspar commonly mantles the plagioclase 
in optical continuity.
In the granophyre quartz and alkali feldspar 
together constitute over half the rock by volume. The 
amount of anorthoclase is generally in excess of quartz.
In most granophyres the two minerals occur together in 
intimate intergrowth but, as noted above, there is a 
considerable variation in texture of these intergrowths. 
Well developed micrographic intergrowths are of common 
occurrence (figs. 33-38) but these may vary from coarse 
to fine grained. Quartz may also be present in the 
intergrowth as groups of fine rods (figs. 34-, 38). In 
some granophyres such groups of quartz rods may assume 
a dominating role and cut across all other constituents. 
They may extend over a distance in excess of 5nna and may 
consist of up to 20 individual rods, usually less than 
0.1mm thick; each rod being composed of a number of 
elongate crystals of quartz of different orientation.
The rods of a single group may diverge slightly from one 
another to give a fan-shaped arrangement.
In a few specimens of granophyre the development 
of the typical granophyric intergrowth is only rudimentary 
so that the texture tends towards granular.
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The quartz also occurs as anhedral crystals not 
in intergrowth with alkali feldspar, and these may attain 
a size of 1mm but in general average about 0.3mm. The 
potash feldspar is present as anhedral crystals or more 
commonly as broad stumpy laths. It is invariably turbid 
with alteration which tends to emphasize the well developed 
cleavage.
The iron ore is present in widely variable amounts; 
from less than 2% to nearly 10% by volume. It occurs as 
small anhedral to euhedral granules enclosed within 
pyroxene, or as irregularly shaped crystals up to 2mm 
in size, and also as elongate rods.
Apatite is an ubiquitous minor accessory which 
occurs as acicular crystals which may attain a length of 
2mm.
In the granophyres small granules of sphene about 
0.2mm across make their appearance. The sphene is 
commonly associated with the margins of the pyroxene 
crystals or with late stage alteration products. In 
several thin sections a few roughly equant grains of 
fluorite were observed, which usually occur with the late 
stage products. Zeolite is present in all granophyres in 
small amount and occurs intersertally, although it may 
be present in areas up to 1mm across.
Frehnite is a common minor constituent in many 
of the granophyres, and is in some cases an alteration
54.
product of plagioclase. The granophyre from the summit of 
Red Hill contains an appreciable amount of prehnite in 
veins in which quartz may be in intergrowth with it, and 
also in areas throughout the rock up to 1mm across. It 
appears to have formed at a late stage in the crystalliza­
tion of the granophyres.
Various green, yellow brown to reddish brown, 
finely crystalline minerals occur in small amount in the 
granophyres, commonly associated with iron ore and pyroxene 
but also independently of these minerals. Most of this 
material is indeterminable but appears in some cases to 
be chlorite and perhaps biotite and was probably formed 
at a very late stage just before the final complete con­
solidation of the rock.
Five chemical analyses of granophyre are presented 
in table 5» together with the modal analyses (in volume 
per cent). Specimen (M206) belongs to the granophyre 
group but its position within the Red Hill intrusion is 
anomalous, since it occurs in the Poverty Gully creek, 
north of Red Hill, near fayalite granophyre (M384) and 
below fayalite granophyre (M12). The outcrop in question 
is isolated from the surrounding outcrops so its field 
relations are not clear. It appears that this granophyre 
is a small local segregation which has been trapped, by 
some mechanism, at this low level.
TABLE 5
M206 Ml 6 2 M8 M19 Ml 76
Si02 61.39 68.94 67.62 63.22 64.29
Ti02 1.48 0.79 0.84 1.08 1.28
a i 2o 3 12.26 11.27 12.31 10.92 11.82
F e2C>2 3.58 3.80 5.66 7.89 6.31
PeO 6.38 4.03 3.04 3.77 4.46
MnO 0.19 0.14 0.11 0.14 0.13
MgO 1.09 0.35 0.32 0.66 0.44
GaO 4.78 3.20 2.52 3.44 3.43
Na20 2.56 2.50 2.92 2.80 2.70
k20 2.62 3.20 3.38 2.88 3.08
P2°5 0.28 0.18 0.24 0 • 64 0.31
h2°+ 1.02 0.89 0.68 1.23 1.22
h20-
p
Less 0 for P
0.17 1.03
0.05
-0.02
0.62 1.08 0.47
99.78 100.35 100.26 99.75 99.94
S.G. 2.803 2.671 2.704 2.789 2.754
Quartz 21.4 29.5 27.3 23.8 23.7
Alkali felds­
par
24.2 41.3 33.3 25.9 35.2
Plagioclase 31.1 16.1 26.8 30.0 24.3
Clinopyroxene 12.1 8.1 4.9 7.9 9.1
Iron ore 9.6 1.4 6.1 8.6 5.0
Amphibole 0.1 - - - -
Zeolite - - 0.3 0.9 -
Alteration
products 1.5
3.6 1.3 2.9 2.7
Key to Table 5«
M206 : Granophyre from Poverty Gully creek, three
quarters of a mile northwest of the summit of Red Hill. 
Altitude 650 feet. Analyst: Ian McDougall.
M162 : Granophyre from the northern flank of Red Hill
one quarter of a mile northwest of the summit, and at 
an altitude of about 900 feet. Analyst: Avery and
Anderson.
M8 : Granophyre from 200 yards west of the top of Red
Hill, and at an altitude of 1180 feet. Analyst: Avery
and Anderson.
M19 • Granophyre from the summit of Red Hill at an
altitude of 1550 feet. Specimen rather weathered. 
Analyst: Avery and .Anderson.
M176 : Granophyre from near the summit of O'Brien's
Hill at an altitude of 1010 feet and 250 feet above 
specimen M225* Specimen strongly weathered. Analyst: 
Ian McDougall.
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Fig. 39* Pegmatitic dolerite veins in fine grained 
dolerite, 50 feet from the upper contact of the 
northern sheet on the Huon Road, northeast of Longley.
Fig. 40. Hand specimen of pegmatitic vein in fine 
grained dolerite from same locality as fig. 39- Note 
feathery elongate crystals of dark pyroxene and the 
large areas of light coloured plagioclase and meso- 
stasis. Contact with the normal dolerite is gradational 
and slightly irregular. Scale is 1cm in length.
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(v) Pegmatitic dolerites.
Relatively coarse grained pegmatitic dolerites,
which occur as veins up to several inches in width, are 
associated with normal medium grained quartz dolerites 
within several hundred feet of the contacts of the Red 
Hill intrusion (figs. 59, 40).
composition to the surrounding dolerite except that they 
have a somewhat higher proportion of mesostasis. The 
pyroxenes assume a featnery appearance, and are usually 
elongate in form, attaining lengths in excess of 10mm. 
Plagioclase occurs as laths which are of comparable size 
to the pyroxene. The mesostasis forms areas up to 10mm 
across but generally is intersertal in occurrence. It 
varies from very fine grained, with the appearance of 
devitrified glass, to well crystallized micrographic 
intergrowths of quartz and alkali feldspar. Small 
granules of iron ore are present in the mesostasis and 
sporadically large crystals, with a tendency to be 
skeletal and up to 2.ywm across, may occur. The texture 
of the pegmatitic dolerites is usually subophitic but in 
some cases may be hypautomorphic granular. In thin 
section the contact between the normal dolerite and the 
pegmatitic material is always gradational but takes 
place over a short distance.
Generally these veins appear to be similar in
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The pegmatitic dolerites of the Red Hill area 
are very similar to those described by Edwards (194-2, 
4-77-480) and Spry (1958, 111-114) and are not unlike 
those occurring in other tholeiitic intrusions such as 
the Whin Sill (Tomkeieff, 1929) and the Falisade sill 
(Walker, 1940). Both Edwards (1942) and Walker (1955) 
have shown that the pegmatitic dolerites are a little 
more differentiated than the host dolerite, and appear 
to have formed by movement of volatile enriched residual 
magma into rifts in the crystal mush, which have possibly 
resulted from contraction on cooling. Walker (1955) 
also pointed out that the pegmatitic dolerites usually 
do not occur when the normal dolerite is coarse-grained, 
and this seems to be the case in the Red Hill area, where 
the pegmatites are invariably close to the dolerite con­
tacts. This is possibly related to the cooling and 
pointing of the marginal zones at a time when the magma 
further away from the contacts had only partially 
crystallized. This magma, which would be enriched in 
volatiles, maybe injected into these rifts, caused by 
contractional jointing, to crystallize as considerably 
coarser rock than the surrounding dolerite.
The volume of the pegmatitic dolerites compared 
to the size of the intrusion is generally insignificant but 
Spry (1958) reports a very considerable volume of 
pegmatitic dolerite in the upper part of the Eureka Gone 
Sheet on the West Coast of Tasmania.
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( v i )  L e u c o c r a t i c  V e in .
I n  t h e  n o rm al  q u a r t z  d o l e r i t e  a b o r t  200 y a r d s  i n t o  
t h e  dyke f rom  t h e  w e s t e r n  c o n t a c t ,  n o r t h - w e s t  o f  Red H i l l ,  
a l e u c o c r a t i c  v e i n  o c c u r s  which  v a r i e s  f rom  6mm t o  10mm 
i n  w i d t h .  The v e i n  h a s  s h a r p  c o n t a c t s  w i t h  t h e  c o u n t r y  
r o c k  an a  c u t s  a c r o s s  t h e  d o l e r i t e  i n  an  i r r e g u l a r  m an n e r ,  
f o l l o w i n g  a ' j o i n t  f o r  a s h o r t  d i s t a n c e  and t h e n  c r o s s ­
c u t t i n g  again. I n  t h i n  s e c t i o n  t h e  b o u n d a r y  i s  a l s o  fo u n d  
t o  b e  s h a r p  and t h e  v e i n  i s  f i n e  g r a i n e d  ( a v e r a g e  a b o u t  
0.1mm) and h a s  a g r a n u l a r  t e x t u r e .  I t  i s  composed 
e s s e n t i a l l y  o f  a n h e d r a l ,  t u r b i d ,  a l k a l i  f e l d s p a r  c r y s t a l s  
and g r a i n s  o f  q u a r t z  w i t h  v e r y  m in o r  amounts  o f  i r o n  o r e  
g r a n u l e s  and  a f i b r o u s  f e r r a m a g n e s i a n  m i n e r a l  which  i s  
a p p a r e n t l y  b i o t i t e .  A p a t i t e  i s  an  a c c e s s o r y .  Z e o l i t e  
o c c u r s  a s  l a r g e  a r e a s  up  t o  5nnn i n  l e n g t h  w hich  h ave  t h e  
a p p e a r a n c e  o f  h a v i n g  b e e n  v u g h s , and a l s o  t h r o u g h o u t  t h e  
v e i n  a s  s m a l l  a r e a s  and v e i n l e t s .
Thus t h e  l e u c o c r a t i c  v e i n  h a s  e s s e n t i a l l y  t h e  
c o m p o s i t i o n  o f  t h e  m e s o s t a s i s  o f  t h e  q u a r t z  d o l e r i t e .
The v e i n  p r o b a b l y  fo rm ed  b y  m i g r a t i o n  o f  t h e  f i n a l  
r e s i d u u m  i n t o  a s m a l l  c o n t r a c t i o n  - j o in t ,  w h ich  would be  
a zone o f  low p r e s s u r e .
( v i i )  H ic k m a n 's  H i l l  d o l e r i t e  d y k e .
I n t r u d e d  i n t o  t h e  f a y a l i t e  g r a n o p h y r e  n e a r  t h e
t o p  o f  H ic k m a n 's  H i l l  i s  a  s m a l l  dyke o f  f i n e  g r a i n e d  
d o l e r i t e  a b o u t  20 f e e t  i n  w i d t h .  I t  c r o p s  o u t  f o r  l e s s
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than 100 yards. The dolerite is typical of the chilled 
rocks adjacent to intrusive contacts, except that it 
contains nearly 40% of opaque black glass, which occurs 
intersertally between small granules of clinopyroxene 
and laths of plagioclase. Orthopyroxene is present 
sporadically as microphenocrysts. From the degree of 
chilling of this dolerite it is concluded that the dyke 
was intruded after the granophyre had crystallized and 
cooled.
Joplin (19579 150) reports veins of chilled 
dolerite in the upper part of a sill, south of Blackman's 
Bay, and similar dykes have been discovered recently in 
medium grained dolerite at Proctors Road near Hobart 
(A.H. Spry, personal communication).
Therefore dolerite magma must have been available 
over a period of time at least as long as the crystalliza­
tion and cooling of the intrusion of the Red Hill area - 
a period probably in excess of 10,000 years, according to 
the calculations of Jaeger (1957)«
59 .
(d) Modal Analyses.
Modal analyses were carried out on all the 
analyzed rocks with the aid of a Swift point counter.
In all cases at least two thin sections were fully 
covered, so that the area traversed was in excess of 
600 square millimetres and the number of points counted 
was, for most rocks, greater than 3,000. In order to 
distinguish between alkali feldspar and plagioclase, 
in the granophyres, the potash feldspar was stained with 
sodium cobalti-nitrite after etching with hydrofluoric 
acid (Ghayes, 1952). In most of the quartz dolerites 
the fine grained intergrowth between quartz and potash 
feldspar made it necessary to count them together. The 
modal analyses have been tabulated with the chemical 
analyses above, but all the data has been collected 
together in table 6 and plotted in fig. 41.
The modal composition of any rock, excepting 
those adjacent to the chilled margins, is dependant 
upon its distance from the contact and also its height 
in the intrusion. Because these two variables, defining 
the position of any rock within the intrusion, could 
not be plotted in a two-dimensional diagram with the 
modal analyses, use has been made of a differentiation 
index, the felsic index (to be defined below), as 
abcissae against which the micrometric data has been 
plotted.
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Pig. 41. Volume percent of the main minerals from 
the analyzed Red Hill rocks plotted against the 
felsic index.
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At the chilled contacts the proportions of 
plagioclase and pyroxene are about equal, but with 
increasing distance from the margins of the dyke the 
amount of pyroxene decreases rapidly. In the quartz 
dolerites the pyroxene constitutes about 20% by volume 
decreasing to 15% in the most acid dolerites and 10% 
or less in the fayalite granophyres and granophyres.
The plagioclase, however, increases to about 60% in the 
quartz dolerites of the central parts of the dyke and 
then decreases steadily on passing into the fayalite 
granophyre and granophyre, constituting less than 50% in 
the most acid rocks.
Quartz and alkali feldspar are practically absent 
from the chilled dolerites but away from the margins of 
the dyke they increase to 15% to 20% and continue to 
steadily increase from the quartz dolerite into the 
fayalite granophyre and granophyre, to attain over 60% 
in the more acid granophyres. No obvious trend can be 
found in the amount of iron ore present in the sequence; 
the proportion appears to vary considerably from specimen 
to specimen.
The micrometric data shows extremely well the 
gradation from quartz dolerite into fayalite granophyre 
and granophyre, mainly by the steady increase in quartz 
and alkali feldspar at the expense of plagioclase and to 
a lesser extent pyroxene.
T a b l e  6 .  Modal a n a l y s e s  i n  volume p e r  c e n t  o f  t h e  a n a l y z e d  Red H i l l  r o c k s
C h i l l e d
D o l e r i t e s Q u a r t z  D o l e r i t e s F a y a l i t e  G ranophyres G ranophyres
M200 Ml 7 2 M9 M3 M209 M210 M2 21 M2 2 2 M3 9 3 M3 95 M2 23 M384 Ml 2 M3 2 M206 Ml 6 2 M8 Ml 9 Ml 76
Quartz ) ( 9 . 9 ) ( 1 4 .2 1 9 . 0 1 8 .3 22 .2 -21.4 2 9 .5 2 7 .3 2 3 .8 23 .7
) 2 . 6 1 6 .6 ( ) 1 9 . 2 1 4 .6 1 6 . 5 2 3 .7 2 6 .8 3 1 . 0 t\
Alkali F e l d s p a r > ( 7 . 3 ) ( 1 3 .8 1 5 .6 2 4 . 4 29 .8 24 .2 4 1 . 3 3 3 .3 2 5 .9 3 5 .2
P lag io c la s e 4 7 .7 3 . 5 5 2 . 0 5 6 .4 5 6 .3 5 9 .5 5 9 . 9 5 1 . 9 4 7 . 4 4 9 . 3 4 9 .6 4 8 . 0 4 1 . 5 3 1 .5 31 .1 16 .1 2 6 .8 3 0 . 0 24 .3
Orthopyroxene 1 . 2 0 . 6
Clinopyroxene 4 8 . 5 3 . 4 2 6 .3 2 1 .2 1 8 . 0 2 1 .3 1 7 .6 1 6 . 2 1 8 . 9 1 3 .7 1 2 .5 7 . 6 7 .7 7 .7 12 .1 8 .1 4 . 9 7 . 9 9 .1
Fayal i te
•
0 . 4 3 . 0 1 . 8 3 . 0
Id d in g s i t e 0 . 2 0 . 6 1 . 5 1 .2
Iron Ore 1 . 9 2 .2 4 . 6 1 . 9 3 . 2 ' 4 . 4 3 . 7 2 . 9 3 . 9 2 . 0 2 .1 1 .6 9 .6 1 . 4 6 .1 8 . 6 5 . 0
Amphibole 0 .7 0 .7 0 . 6 0 . 5 1 . 0 0 .5 1 . 0 0 . 8 0 .7 0 . 9 0 .7 - 0.1
Zeolite 0 . 4 0 .5 0 . 7 1 .3 1 . 3 0 . 8 0 .1 0 . 4 1 .7 1 . 7 0 .3 0 .9
A l t e r a t i o n
produc ts 2 .1 1 . 8 0 .6 0 . 9 0 . 5 2 .5 2 .1
1 . 9 3 . 0 1 . 6 2 . 0 3 . 0 1 .5 3 . 6 1 .3 2 . 9 2 .7
Glass 9 2 . 5
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(e) Grain Size.
The determination of grain size of the main 
minerals was carried out on each of the analyzed rocks 
from the Red Hill intrusion, and the results presented 
in table 7« In all cases an average was calculated 
from measurement of the maximum intercept of 50 grains. 
Thus for plagioclase the length of the laths was usually 
measured. In most of the rocks the plagioclase laths 
have an elongation (ratio of length to width) of one and 
a half to three, but averaging about two. Because of the 
irregular shape of the pyroxene crystals and their 
considerable range in grain size in a single specimen 
the average arrived at is only an approximation. The 
alkali feldspar, generally intergrown with quartz, occurs 
as anhedral to equant crystals so the average size given 
in table 7 is probably a reasonable approximation to the 
average diameter of the crystals. The large range in size 
of the iron oi*e made measurements of this mineral im­
practicable.
The chilled dolerite from the absolute contact 
contains a few per cent of microphenocrysts of orthopyro­
xene. The groundmass is either glassy as in specimen 
(M172) or holocrystalline, when the grain size is about 
0.1mm. Away from the contacts the dolerite increases 
rapidly in grain size, so that within 50 feet of the 
margins the pyroxene has attained an average size of
T a b l e  7 .  A ve rage  g r a i n  s i z e  o f  t h e  m i n e r a l s  i n  t h e  a n a l y z e d  Red H i l l  r o c k s  ( i n  mm)
" C h i l l e d
D o l e r i t e s
Q u a r t z  D o l e r i t e s F a y a l i t e  G ran o p h y res G ranophyres
M200 Ml 7 2 M9 M3 M209 M210 M221 M222 M393 M3 95 M223 M384 Ml 2 M3 2 M206 M162 M8 Ml 9 Ml 7 6
Orthopyroxene 0 . 4 0 . 2 5
Clinopyroxene 0 f 08 2 .1 1 . 8 1 . 3 1 .1 1 . 8 1 . 4 1 . 6 1 . 7 1 . 3 2 . 0 1 .1 1 . 0 0 . 5 2 . 2 1 .7 1 .7 1 .2
Fayali te 2 .9 1 . 2 1 .1
P lag io c la s e 0 .1 0 . 5 0 .5 0 . 4 0 . 4 0 .5 0 . 6 0 .65 0 .7 0 .6 0 .7 0 . 6 0 . 7 5 0 .55 0 . 9 1 .1 1 . 4 0 .9
Alkali f e l d s p a r 0 . 3 5
..
0 . 4 0 . 4
_______
0 . 3 5 0 .3 0 . 5 0 .6 0 .5 5 0 .55 0 .65 0 .8 5 0 .7 5 0 . 4 0 . 8 0 .95 1 . 0 0 .8
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about 0.5mm and the plagioclase 0.3mm. With increasing 
distance from the contact the grain size of the dolerite 
slowly increases and this trend is continued as the 
dolerite passes into the fayalite granophyre and grano- 
phyre. The increase in grain size is most pronounced in 
the case of the alkali feldspar which steadily increases 
from 0.35mm in the normal dolerites to nearly 1mm in the 
granophyres. The plagioclase behaves similarly.
Pyroxene, partly because of its large range in grain 
size and hence poor reproducibility of results, does 
not clearly show this trend. However in the granophyres 
the pyroxene is somewhat larger in size and assumes a 
much more elongate habit than in the dolerites, and may 
attain a length in excess of 10mm.
(f) Variation in Density.
The density of each of the chemically analyzed 
rocks was determined by weighing in air and then in water, 
using a single pan balance (Jaeger and Green, 1958, 36).
At least three separate measurements were made on each 
rock and the results averaged. Again, because of the 
difficulty in plotting the position of a given specimen 
within the intrusion, against the density, it was 
necessary to employ the felsic index as abcissae in 
order to plot the variation of density.
Although there is considerable scatter of the 
densities (fig. 42) it is readily seen that the density
50
FELSIC INDEX
Fig. 42. Density of the analyzed Red Hill rocks 
plotted against the felsic index.
« 2.90
IOO 200 300 400 500 600 700 800
Distance in yards from contact -  Snug River
Fig. 4$. Density of quartz dolerites from Snug 
River plotted against the distance of each specimen 
from the contact of the Red Hill Dyke.
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decreases steadily from the chilled margins to the pro­
gressively more acid rocks; the lowest values occurring 
in the granophyres. Above the floor of the intrusion, 
in the unexposed portion, there must occur a zone of 
higher density than that of the contact, similar to that 
noted by Jaeger and Green (1958, 29) in the lower parts 
of the Tasmanian dolerite sills, in order to compensate 
for the deficiency in mass in the exposed part of the 
intrusion.
A series of specimens was collected in a traverse 
across the Red Hill Dyke from contact to contact, 
essentially at the same altitude, by following up Snug 
River. The densities are plotted against distance from 
the chilled margin in fig. 43. There is a sharp decrease 
in density in the 50 yards adjacent to the margins, 
followed by a more steady decrease in the next 150 yards 
to a constant density in the central portions of the 
dyke, in agreement with the fairly constant composition 
of the quartz dolerite in these parts (table 3)* The 
trends noted correspond closely with the pyroxene content 
of the dolerites; thus at the contacts pyroxene con­
stitutes some 50% by volume decreasing to 25% 150 yards 
from the contact, and to a constant 20% in the central 
parts of the dyke in Snug River.
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V MINERALOGY
(a) Pyroxenes
(i) Methods of determination of optical properties.
The methods employed in the determination of the 
optical properties of the pyroxenes were essentially those 
of Hess (1949). Refractive indices were determined by the 
usual immersion methods on the crushed pyroxene fraction.
The index being measured was bracketed between liquids 
0.005 apart, and the final determination, carried out under 
sodium light, was by mixing the liquids until the index 
was exactly matched. The refractive index of the liquid 
was then measured with an Abbe refractometer. The Y index 
of clinopyroxenes with optic plane /(OlO) was measured on 
(100) parting tablets (Hess, 1949, 627), and X and Z were 
determined by the minimum and maximum index found in the 
crushed sample. This method for X and Z is not as accurate 
as determination of them by calculation, from the 
birefringence, since the pyroxene is generally slightly 
zoned. Hence the birefringence, derived from the refractive 
indices, tends to be a little high. The determination of 
the refractive indices of pigeonites was carried out on 
grains whose orientation was checked, in each case, by 
observing the interferance figure (Hess, 194-9, 628). When 
it was not possible to separate the clinopyroxene from 
the rock, crystals with an optic axis vertical were dug 
out of a slide and the Y index measured. The composition
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of the pyroxene was then determined from the Y index and 
the 2V, by referring to the graph of Hess (194-9, 634).
The orthopyroxenes from the chilled marginal zones of the 
intrusion, were determined from refractive index measure­
ments of X and Z on a separated sample of the pyroxene, and 
referring to the graph of Poldervaart (1950, 1076). 
Measurements of the optic angle were also used as an 
independant check. The accuracy of the refractive index 
determinations is considered to be better than lo.OOl.
The optic angle of each of the pyroxenes was 
determined on a universal stage, using the conoscopic 
method of orientation, by direct rotation from optic axis 
to optic axis in sodium light. After applying the 
appropriate index corrections the accuracy of the deter­
minations is better than -1..
(ii) Chemical analyses of the pyroxenes.
Five chemical analyses have been made of pyroxenes 
from four of the main rock types of the Red Hill intrusion. 
The analyses were carried out, in most cases, on pure 
material, separated by using the isodynamic magnetic 
separator in conjunction with heavy liquids. It was found 
impossible to completely eliminate the augite from the 
pigeonite of the quartz dolerite (M210); a correction 
was made to the analysis for 10% augite impurity, and 
then recalculated to 100%. The alkalies were determined 
by flame photometer and the total iron colourimetrically,
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but the remainder of the analysis was carried out by 
classical methods.
The generalized formulae for clinopyroxene, after 
Berman (1937) , Hess (194-9) and. Kuno (1935) is :
wl-p 
W» Ca2,
(X,Y)
Ha1,
l+pZ2
K1
°6
X= Mg2, Fe2, Mn2, Ni2
Y= Al5, Fe3, Cr3, Ti4
4Z= Si , Al5, 4Ti , Fe3
The analyses (table 8) have been recalculated on the basis 
of six oxygen atoms (table 9), using the method outlined 
by Hess (194-9, 625), in which the electrical charges are 
always balanced between the several groups. According to 
Hess in a completely satisfactory analysis the number of 
cations to six oxygen atoms in the WXY and Z groups is 
2.00-0.02; all the analyses carried out on the Red Hill 
pyroxenes meet this requirement.
In the recalculation of four of the five analyses
3it has been necessary to include all the Al^ in the Z
group, and even then there is still a deficiency in charge,
4 -5which must be made up by assuming that some Ti and/or Fe^ 
is also present in the tetrahedral position. It has
4usually been tacitly assumed that Ti will enter the
tetrahedral position preferentially (Hess, 1949; Muir,
1951), but, as pointed out by Kuno (1955) and Brown (1957),
3it is possible that Fe^ may also occur in this position
TABLE 8. Analyses and optical data of the Bed Hill pyroxenes
3 3A 4 5
--- —" .—■ >... . . .. ... " ' 'r'"~
6
SiOg 51.32 48.31 49.63 48.00 46.59
a12°3 1.55 0.53 1.34 1.17 0.95
Fe2°3 0.87 1.35 1.53 1.20 1.82
FeO 14.71 31.33 20.94 26.65 28.93
MnO 0.30 0.62 0.47 0.53 0.53
I MgO 13.64 10.13 9.98 - \ 4.71 1.04
CaO 15.96 6.08 14.47 ■ ,* 16.50 18.08
N. 0 0.25 0.16 0.20 0.18 0.25
V 0.13 0.11 0.11 0.12 0.17
Ti02 0.42 0.58 0.67 0.75 1.50
H O 0.44 0.80 0.28 0.30 0.31
2
99.59 100,00 99.62 100.11 100.17
Purple Green
Nx 1.692 1,707 1.710 1.721 1.736 1.735
1 N
6 Y
1.697 1.708 1.717 1.727
5
1.744 1#7425
K 1.720 1.740 1.738 1.751 1-7655 1.764
f 2V Av. 47° 0, 0, 0, 10, )c Av. [Av. 50° Av. 54° Av. 57 °45, 46, 46i, 47i, 
48/, 48/.
13, 17, 21; )o 40,
42-1,
41, 4l£-, 41 , 146-53- , 48 , 51.3/4, 52 , 56 , 58', 57,
opt. plane )r 43. 49.1/4, 494, 49-|-, 
;49-l, 50/, 51-|,
53.3/4, 54’, 61.
1(010). )e 58.1/4.
Ht, 13, 19, )r 'oi.l/4. Oliims about 7 Pleochroisin25, opt. )i
plane /f010).)m higher than cores. X  a  Y  pale purple X  = Y  pale yellowZ a si. darker green
purple Z = green
Exsolution
lamellae (001) (001) (001) (001) None
Dispersion — Optic axis: 
strong r v
— . . .  . (B none }Optic axis >. , ( r vr (A strong)
Atomj£ Ca 33.8 10.8 31.4 36.6 41,4
Mg 40.1 43.4 30.0 14.5 3.3
FeK 26.1 45.8 38.6 48.9 55.3
s' * Fe = F<>2+ + Fe3+ + Mn. .(«4 |
■» 1ft ■ ?
TABLE 9* Formulae of the clinopyroxenes calculated 
on the basis of six oxygen atoms.
5 5A 4 5 6
[
Si 1.957 1.955 1.947 1.959 1.926
z ( 
( 
(
A1 0.048 0.024 0.065 0.058 0.047
Ti - 0.019 0.002 0.004 0.056
:ai 0.021 - - - -(
iFe5+ 0.028 0.041 0.047 0.059 0.055
X * 0.468 1.058 0.686 0.900 1.002V(Mn
(WXY (Mg
0.009 0.019 0.017 0.017 0.017
0.775 0.609 0.581 0.284 0.065
^Ca
f
0.655 0.264 0.610 0.716 0.805
iha
f
0.018 0.012 0.014 0.015 0.020
0.005 0.005 0.005 0.005 0.010
CTi 0.012 - 0.019 0.020 0.011
Z 2.005 1.996 2.012 2.001 2.009
WXY 1.989 2.008 1.979 1.996 1.985
% A1 in Z 2.4 1.2 5.1 2.9 2.5
% Ti in Z - 0.8 0.1 0.2 1.8
Key to Tables 8, 9 and 10.
1. Microphenocrysts of orthopyroxene in chilled dolerite 
Ml72; eastern contact of Red Hill Dyke.
1A. Microphenocrysts of orthopyroxene in chilled dolerite 
M200; upper contact of northern sill, northeast of Longley.
2. Augite of M212; medium grained quartz dolerite about 
40 feet from western contact of the Red Hill Dyke in Snug 
River.
2A. Primary orthopyroxene from quartz dolerite M212.
2B. Most-iron rich primary orthopyroxene from M212.
20. Pigeonite from quartz dolerite M212.
3« Augite from quartz dolerite M210; centre of Red Hill 
Dyke, Snug River.
3A. Pigeonite from quartz dolerite M210. Analysis 
corrected for 10% augite impurity (5) and recalculated 
to 100%.
4. Ferroaugite from quartz dolerite M595; centre of Red 
Hill Dyke on the northern flank of O'Brien's Hill, 465 feet 
above Snug River.
4A. Pigeonite from M595«
5. Ferroaugite from fayalite granophyre M12; northern 
flank of Red Hill at road level (altitude 715 feet) and 
about 550 yards from western contact of the Red Hill Dyke.
6. Ferrohedenbergite from granophyre M162; 200 feet
above M12 on northern side of Red Hill.
Analyses by Ian McDougall.
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Fig. 44. Crystallization trend of the pyroxenes from 
the Red Hill intrusion. Tie lines Join coexisting 
pyroxene phases. (1, 2A, 2B, orthopyroxene; 20, 3A-, 
4A, pigeonite; 2, 3? augite; 4, 5? ferroaugite;
6, ferrohedenhergite).
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in the pyroxenes. The ionic radii for sixfold coordina­
tion are (Ahrens, 1952):
Si4 Al5 Ti4 Fe5
X 0.42 0.51 0.68 0.64
7) hThe Fe" ion is slightly smaller than Ti and therefore 
4 4may replace Si more readily, but since Ti is quadrivalent 
this ion may be preferentially included in this position. 
That Fe"^  can enter the tetrahedral position in silicates, 
and particularly in alkali feldspars, has been well demon­
strated by Faust (1956), Bosenqvist (1951)? and Coombs 
(1954*)« Kuno (1955) shows that Fe^ may also be present 
in the Z group in clinopyroxenes. Thus although the 
recalculation of the analyses of the Red Hill pyroxenes
Zj.is made by assuming the Ti preferentially enters into the 
tetrahedral position, this does not exclude the possibility
3that some Fe occurs in this position.
(iii) The variation in composition of the pyroxenes 
during fractionation.
Enrichment in Fe at the expense of Mg is the major 
variation in the composition of the pyroxenes during 
fractionation of the Red Hill magma, and this is accompanied 
by smaller variations in Ca (fig. 44). These trends will 
be discussed below but reference will first be made to 
those cations which enter into the pyroxene lattice in
small amount.
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The AI content of the Red Hill pyroxenes is lower 
than in many analyzed clinopyroxenes (Hess, 1949; Muir, 
1951; Kuno, 1955; Brown, 1957)« As Brown (1957) found 
in the Skaergaard clinopyroxenes it decreases steadily 
with fractionation, and the amount of A1 entering into 
the augite is somewhat higher than in the coexisting 
pigeonite.
With fractionation the Ti content of the clino- 
pyroxene increases progressively, by contrast to Skaer­
gaard, where there is but little change in Ti (Muir,
1951; Brown, 1957)* Also Ti is present in greater amount 
in the pigeonite than in the associated augite; the 
reverse of the behaviour in Skaergaard (Brown, 1957)*
The Ivin content of the pyroxenes from the Red Hill
2intrusion increases with the Fe content; this being a
consequence of the similarity in charge, electronegativity
and ionic radius of the two ions (Wager and Mitchell,
1951; Ringv/ood, 1955)* Again, as expected, the Mn
content of the pigeonite is considerably greater than that
of the coexisting augite, because of the relatively
higher Fe content of the pigeonite.
*The amount of Fe increases slightly with fraction­
ation, and the pigeonite is relatively enriched in this 
constituent as compared with augite, the opposite to 
Brown's (1957, 518) findings in the pyroxenes of the 
Skaergaard intrusion.
T °C
1050-
I O O O -
ATOMIC %
Fig. 45. Suggested temperature of crystallization 
of basaltic magma, and its relation to the orthopyro- 
xene-clinopyroxene inversion curve (after Hess, 1941).
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The alkali content of the Red Hill pyroxenes re­
mains uniformly low; there is no significant variation 
with fractionation.
In fig. 44, together with the analyzed pyroxenes 
from Red Hill, are plotted a number of pyroxenes whose 
compositions were estimated from optical data (table 10).
At the chilled margins of the Red Hill Dyke, and 
indeed in the contacts of all the Tasmanian dolerites, 
small euhedral microphenocrysts of Mg-rich orthopyroxene 
(Of^) occur embedded in either a glassy base or more 
commonly in a very fine-grained holocrystalline ground- 
mass. It is apparent that this pyroxene began to 
crystallize some little time before emplacement of the 
dolerite magma. When crystallization began the magma was 
below the clinopyroxene-orthopyroxene inversion curve 
(fig. 45), in the orthopyroxene stability field. The 
orthopyroxene is usually uniform in composition but 
commonly has a very thin rim which may be as iron-rich 
as Of2 •^
Pyroxene in the groundrnass of the contact rocks 
occurs as minute granules and appears to consist of both 
augite and orthopyroxene. However within a few feet of 
the contact pigeonite takes the place of orthopyroxene, 
so that the magma has crossed the inversion curve into the 
clinopyroxene stability field.
TABLE 10 . O p t i c a l  p r o p e r t i e s  and e s t im a te d  co m p o si­
t i o n s  o f  some o r th o p y ro x e n e s  and  c l in o p y r o x e n e s . 
C o m p o s itio n s  o f  o r th o p y ro x e n e s  from  P o ld e r v a a r t  
( 1 9 5 0 ) ,  o f  c l in o p y ro x e n e s  from  H ess (1 9 4 9 ) .
1 1A 2 2A
Nx 1 .6 7 5 1 .6 7 5
My - 1 .6 8 8
Kz 1 .6 8 7
27 Av. 8 4 ° (~ )  
8 2 1 ,8 3 ,8 4 ,  
8 6 ,869- 
r im  a v . 
62-Ja ( - )
Av. 8 4 ° ( - )  
8 0 1 ,8 2 ,8 2 ,  
8 4 ,8 4 ,8 5 ,  
8 5 1 ,8 6  
r im  a v .6 2
Av. 4 7 ° ( + )  
4 6 ^ , 4 7 , 4 7 ,  
4 7 , 4 7 1 , 4 8  
c o re  a v . 7  
h ig h e r  th a n  
rim
Av. 6 9 ° ( - )  
6 2 ,6 4 ,6 6 ,  
6 8 ,6 8 ,6 8 ,  
7 4 ,8 1 .
C o m p o sitio n 0 f 15 0 1 15 Ca3 9 .5 Ms45
P e 1 5 .5
0 f 24
2B 2C 4A
Hx
Ny 1 .6 8 5 1 .7 1 9
Hz
2V 5 8 ° ( - ) Av. 1 8 ° (+ )  
1 7 , 19 
o p t . p la n e
1 (o x o )
Av. 12-J°( + ) 
1 2 ,1 2 ,1 4  
o p t . p la n e
/A 0 1 0 )
C o m p o s itio n 0 f 35
I
Ga7 .5 MB63
"e 2 9 .5
Gai3 Ms3 1 .5
P e5 5 -5
f
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Primary orthopyroxene, mainly as phenocrysts, 
persists for about >0 feet from the chilled contacts of 
the Red Hill Dyke, after which pigeonite is the only 
Ga-poor primary pyroxene crystallizing. Dolerites from 
this marginal zone usually contain four different pyro­
xenes; primary orthopyroxene, orthopyroxene resulting 
from the inversion of pigeonite, pigeonite and augite. 
Therefore, because of the difficulty of separation, it 
was necessary to determine these pyroxenes optically 
(table 10). The primary orthopyroxene ranges in compo­
sition from Of-^0 to O f ^  although zoning is not strongly 
developed. Pyroxene (2A) (fig. 44) is the average of 
eight determinations and pyroxene (2B) is the most Fe- 
rich primary orthopyroxene determined. The assumption 
is made in plotting that the primary orthopyroxene con­
tains the normal 3-5% Ca (Poldervaart and Hess, 1951)«
The orthopyroxene occurs as anhedral to prismatic crystals 
which may reach 2mm in size, and is commonly mantled by 
pigeonite v/hich has, in some cases, subsequently inverted 
to orthopyroxene. Specimen (M212) contains about 40% 
pyroxene, but less than 1% of this is primary orthopyroxene.
Pyroxenes (2) and (20) in fig. 44 are the augite 
and pigeonite respectively, which together make up the 
bulk of the pyroxene in specimen (M212). The clinopyroxenes 
are anhedral to subhedral in form, and are moulded strongly 
on plagioclase laths. They exhibit simple twinning (twin
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plane /(lOO)), and usually have extremely fine exsolution 
lamellae /7(00l). When both twinning and the exsolution 
lamellae occur in the one crystal the well known herring­
bone structure results. Observations on the universal 
stage indicate that the pigeonite and augite are present 
in approximately equal proportions. The pigeonite is 
usually uniform in composition but the augite commonly 
has a core of variable size, which has a 2V averaging 
about 7° greater than the surrounding augite.
Pyroxenes (3) and (3A) represent the coexisting 
augite and pigeonite respectively from the normal, medium 
grained, quartz dolerite from the centre of the Red Hill 
Dyke in Snug River (specimen M210). Except for an 
increase in grain size, and a decrease in proportion to 
approximately one fifth of the rock by volume, the 
pyroxenes are very similar in appearance and form to 
those in specimen (M212), just described. The pyroxenes 
have a distinct brown colour and are not pleochroic.
In some cases pigeonite and augite are intergrown with 
one another; where one pyroxene completely encloses the 
other, pigeonite is invariably in the core. Fine ex­
solution lamellae are usually present in both clino- 
pyroxenes. The pigeonite from this rock is generally 
unzoned, except for the presence, in some cases, of a 
relatively thin outer rim. The optic angle shows con­
siderable variation (table 8) but the augite has a 
remarkably constant 2V, with zoning essentially absent.
72.
Pyroxene (4) is the augite and (4A) the pigeonite 
from the dolerite immediately below the fayalite grano- 
phyre. This rock (M395) is about the most acid dolerite 
in which a member of both the augite and pigeonite series 
coexist. Because pigeonite is present in small amount it 
was not possible to separate enough for analysis, so it 
was necessary to determine it optically (table 10).
Specimen (M395) is similar to the dolerite from the summit 
of Mt. Wellington (Edwards, 1942), and Muir (1955* 562) 
has plotted analyses of the coexisting augite and pigeonite 
phases from this rock; the compositions of which lie very 
close to those from specimen (M395) (see fig. 46).
The pyroxenes from specimen (M395) closely resemble 
those of specimen (M210) but they are generally of slightly 
coarser grain size. They are a purplish brown colour, 
but in some cases they have a thin mantle of pale green 
pyroxene. The augite is mostly unzoned, but may have a 
thin rim which has a 2V up to 10° greater than the core.
The associated pigeonite is also fairly uniform, and has 
a 2V of about 12° in the plane /(010). As in the previously 
described clinopyroxenes simple twinning on (100) and 
fine exsolution lamellae /(001) are present.
With further fractionation the magma passed from 
the two-pyroxene field into that in which only one pyroxene 
forms, by the pigeonite ceasing to crystallize. The 
pyroxene of the augite series continues to crystallize
7 3 .
throughout the fayalite granophyre and granophyre, and 
becomes progressively enriched in Pe and slightly enriched 
in Ca with fractionation.
The ferroaugite (3) was separated from the fayalite 
granophyre (M12) from Red Hill, and is the only pyroxene 
phase present in the rock. The ferroaugite occurs as 
anhedral to prismatic crystals which are usually moulded 
strongly on plagioclase laths. Although normally occurring 
as independant crystals, in some cases several grains 
have formed adjacent to one another to produce large 
glomeroporphyritic plates. The pyroxene is purplish brown 
in colour, and is commonly partially rimmed by a pale 
green variety whose 2V is 5° to 8° higher than the fairly 
uniform, cores. Twinning is not developed, but thin 
continuous exsolution lamellae //{001) are usually present.
The change from the ferroaugite (5) of the 
fayalite granophyre to the ferrohedenbergite (6), which 
is typical of the granophyre, takes place over a vertical 
distance of some 200 feet in the Red Hill Dyke. The 
pyroxene in the granophyre, as noted above, assumes an 
elongate, feathery, appearance. Commonly the crystals 
consist of an irregular intergrowth of two distinct 
varieties of pyroxene; one a pale purplish colour, the 
other pale green, and both are faintly pleochroic. When 
intergrown the two varieties have the same optical and 
crystallographic orientation. However the refractive
y
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indices of the green variety are about 0.001 lower than 
those of the purple pyroxene, and the 2V of the green 
pyroxene is some 3° to 4° higher than that of the purple 
variety. Minute iron ore inclusions occur in some 
crystals, particularly in the green variety. The fine 
exsolution lamellae //(001), so common in the less Fe-rich 
pyroxenes of the intrusion, are rarely present in the 
ferrohedenbergite, and simple twinning is never developed. 
The ferrohedenbergites occurring in other granophyres 
are very similar to the analyzed pyroxene, but in some 
rocks the green variety tends to predominate.
(iv) Comparison of the Red Hill trends with the 
trends in other intrusions.
A considerable literature now exists on the 
pyroxenes from moderately slowly cooled saturated basic 
intrusions, but the Skaergaard body is the only one in 
which the variation in composition of the pyroxenes has 
been traced throughout the fractionation of the magma 
(Muir, 1951; Brown, 1957)« The analyzed pyroxenes from 
several of these intrusions, including Skaergaard, are 
plotted in fig. 46, together with the Red Hill pyroxenes; 
the similarity in trend is most striking, particularly 
between Skaergaard and Red Hill. The Red Hill pyroxenes 
of the augite series have a slightly lower Ca content 
than the Skaergaard pyroxenes, but, as in Skaergaard 
(Brown, 1957), there is a minimum in the Ca content at
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the limit of the two-pyroxene field. At this stage there 
is a change from a gradual decrease in Ca to one of gradual 
Ga enrichment. An important point, which holds for 
Skaergaard also, is that there is no evidence for any 
marked compositional break, in the augite series, at the 
limit of the two-pyroxene field.
The trend with fractionation in the Ca-poor 
pyroxene series is also very similar to that of Skaer­
gaard. The crystallization begins with an Mg-rich 
orthopyroxene, which gradually becomes more Fe-rich, and 
then at an Mg:Fe ratio of approximately 70:50 gives way 
to pigeonite, which itself becomes progressively enriched 
in Fe during fractionation, until the limit of the two- 
pyroxene field is attained, when it ceases to crystallize.
The variation in composition of the Red Hill 
pyroxenes during fractionation also agrees in general 
with the trends proposed by Poldervaart and Hess (1951), 
who collected data from a number of different intrusions, 
at several fractionation stages, to give the course of 
crystallization of pyroxenes within a single, strongly 
fractionated, basaltic body.
(v) The limit of the two-pyroxene field.
It has been long established that a single 
pyroxene phase of the augite series crystallizes during 
the late stages of fractionation of tholeiitic basaltic 
magma, instead of both a Ca-rich and a Ga-poor phase,
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which crystallize together in cotectic equilibrium in the 
early and middle stages. In the Red Hill intrusion the 
limit of the two-pyroxene field occurs at an Mg:Fe ratio 
of about 40:60 in the pyroxenes; in Skaergaard the 
corresponding ratio is about 50:50, and Poldervaart and 
Hess (1951) give the value of 45:55 for tholeiites in 
general.
Several explanations have been advanced to account 
for the cessation of crystallization of the Ca-poor 
pyroxene phase. Poldervaart and Hess (1951? 479) suggested 
that there may be reaction of the pigeonite with the liquid 
to form a fayalitic olivine. At essentially the same stage 
as the pigeonite disappears in the Red Hill intrusion a 
fayalitic olivine makes its appearance as a primary phase. 
There is no petrographic evidence of a reaction relation 
between the two minerals; the olivine has usually 
crystallized as discrete, large grains, not associated 
with pyroxene. It appears that the fayalite, rather than 
causing the cessation of crystallization of the pigeonite, 
has begun to form at this stage because of the disappear­
ance of the pigeonite owing to the marked absolute enrich­
ment in Fe as well as the very strong enrichment in Pe 
relative to Mg in the liquid. Muir (1954, 584) concludes 
from his studies of Skaergaard, Beaver Bay and New Amalfi 
pyroxenes that the disappearance of Ga-poor pyroxene could 
not be due to a reaction relation with fayalitic olivine,
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and Brown (1957? 525) also arrives at the same conclusion 
as regards the Skaergaard intrusion.
The laboratory investigations of Bowen and Shaiser 
(1955) show that hedenbergite and ferrosilite form a solid 
solution series with a minimum. Hess (1941) developed the 
idea proposed by Tsuboi (1952) that at the limit of the 
two-pyroxene field a solid solution with a minimum forms, 
so that only a single pyroxene phase crystallizes with 
continued fractionation. If this were the correct explana­
tion it would be expected that the compositions of the 
augite and pigeonite phases would converge as the limit 
of the two-pyroxene field was approached. However the 
data from Skaergaard (Muir, 1951; Brown, 1957)? and now 
from the Red Hill intrusion, shows that no such convergence 
of the compositions takes place; in fact the trend in the 
augite series is away from the pigeonite at the limit of 
the tv/o-pyroxene field. Therefore this explanation does 
not appear to satisfy the observed facts.
A third alternative was proposed by Muir (1954, 
584), who suggested that, instead of the solidus surface 
dipping below the liquidus at the limit of the two- 
pyroxene field to produce a solid solution with a minimum, 
the liquidus minimum, which intersects the solvus, 
migrates towards the Ca-rich side of the solvus and passes 
beyond it, so that only a single Ca-rich pyroxene would 
then form. Such a mechanism can account for the disappear-
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ance of the pigeonite, and the continuity in the crystall­
ization of the pyroxenes of the augite series, without 
any major change in trend, when the limit of the two- 
pyroxene field is reached.
(vi) Exsolution and inversion phenomenon in the 
pyroxenes.
?/hen pyroxenes, which have crystallized from 
tholeiitic basaltic magma, are cooled moderately slowly, 
exsolution or unmixing of one pyroxene phase from another 
may take place, leading towards the attainment of a more 
ordered state, and is the result of the decrease in 
stability of one component in the other with decreasing 
temperature (Hess, 194-1; Edwards, 194-2; Poldervaart 
and Hess, 1951; Brown, 1957)*
Edwards (194-2, 584, 587) noted the presence of a 
pronounced parting /AOOl) in both the pigeonite and augite 
of the Tasmanian dolerites. Under high magnification it 
is found that this parting is produced by very fine ex- 
soluticn lamellae; Muir (1955> 582) recognized such 
lamellae in the ferroaugite from the summit of Mt. Welling 
ton. In both the augite and pigeonite these lamellae are 
very similar; they range in thickness from 0.0005mm to 
0.002mm, with exceptional lamellae up to 0.005mm; they 
are spaced from 0.005mm to 0.01mm apart, and constitute 
about 15% to 20% of each crystal. The lamellae have an 
orientation very similar to that of the host clinopyroxene
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making them difficult to distinguish. They can he detected 
in practically all grains which are suitably oriented in 
the thin section, and usually occur throughout a crystal.
The work of Hess (194-1) and of Poldervaart and 
Hess (1951) indicates that the lamellae in augite are 
pigeonitic in composition, whereas those occurring in 
pigeonite are composed of augite, and this has been con­
firmed by an X-ray study of an augite from Mt. Wellington 
by Bown and Gay (1999)? who have shown that the lamellae 
are in fact composed of pigeonite. There is no evidence 
to suggest that the exsolved pigeonite in the augite 
crystals has inverted to orthopyroxene, so that the ex­
solution probably took place at a temperature above the 
pigeonite-orthopyroxene inversion curve (fig. 4-5).
In the Red Hill intrusion exsolution lamellae 
occur in the pigeonite right up to the stage when it 
ceases to crystallize, at the limit of the two-pyroxene 
field. In the augite series lamellae are present in all 
the pyroxenes up to and including the ferroaugite of the 
fayalite granophyre, but are generally absent from the 
ferrohedenbergite of the granophyre; the temperature at 
which these more Fe-rich pyroxenes crystallized must have 
been too low for any exsolution to take place, because of 
the relatively slow rate of diffusion at these temperatures.
i \
~ Fig. 47. Photomicrograph of pigeonite which has partially in­
verted to o>rthopyroxene. Some uninverted pigeonite showing a 
herringbone; twin is present in the upper part of the field. The 
twin plane is (100) and the exsolution lamellae are parallel to 
(OOl), along which alteration has taken place. The remainder 
of the crystal is orthopyroxene. From quartz dolerite (specimen 
M212), abouit 40 feet from the western contact of the Red Hill 
Dyke, Snug River. Plane light, x 65.
Fig. 48. Same field as fig. 47, but with crossed nicola. Note 
well developed exsolution lamellae in the orthopyroxene, which 
are parallel to (OOl) of the original pigeonite. Relict twin 
plane of pigeonite preserved in secondary orthopyroxene. The 
orthopyroxene free of exsolution lamellae in the lower part of 
the field may be primary.
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In 1116 Red Hill intrusion the pigeonite contained 
in dolerites occurring in a zone up to 200 feet from the 
contacts, has, in some cases, partly or wholly inverted to 
orthopyroxene on cooling, because the temperature had 
fallen to below the pigeonite-orthopyroxene inversion 
curve (fig. 45), into the stability field of orthopyroxene. 
Hess (1941) first recognized this phenomenon and independ­
ently Edwards (1942) noted it in the lower parts of the 
Tasmanian dolerite sills.
In many cases the pigeonite has only partially 
inverted, so that commonly the parent pigeonite and the 
secondary orthopyroxene occur together in the one crystal. 
The boundary between the two phases is always sharp, if 
irregular, and in some cases the orthopyroxene ends 
abruptly along an augite exsolution lamellar in the 
pigeonite. The secondary orthopyroxene usually has uneven 
extinction, and contains the exsolved augite as fine 
lamellae, which are the continuation, and of the same 
thickness, as those occurring in the adjacent uninverted 
pigeonite (figs. 47, 48). The lamellae in the ortho- 
pyroxene are much more obvious than those in the pigeonite, 
because in the former their orientation is quite different 
from the orthopyroxene, whereas in the pigeonite the 
lamellae of augite have a very similar orientation to that
of the host.
81.
According to Poldervaart and Hess (1951, 482)
2pigeonite crystallizes with some 9*5% Ca ions of the total 
2 2 2(Mg +Fe +Ca ), although the analyzed pigeonite ($A) from
specimen (M210) appears to contain about 10.8% of the 
2Ca ion. Orthopyroxene, on the other hand, can accept
2only about $-2% Ca ion into its structure, so that when
2pigeonite inverts to orthopyroxene the excess Ca is 
exsolved in the form of augite lamellae or blebs. How­
ever the pigeonites in the 'Tasmanian dolerites have ex- 
solved much of the Ca in the form of augite lamellae before 
the inversion to orthopyroxene, so that generally the ex­
solution lamellae in the secondary orthopyroxene are 
related to the parent pigeonite rather than to the ortho- 
pyroxene.
Further confirmation that orthopyroxene with well 
developed augite lamellae resulted from the inversion of 
pigeonite is provided by the preservation of the herring­
bone twin structure of the pigeonite (figs. 47, 48).
Poldervaart and Hess (1951, 482) contend that ’in 
the majority of cases of inversion of pigeonite to ortho­
pyroxene , the orthopyroxene will develop in such an 
orientation that it retains the b and c crystallographic 
axes of the parent pigeonite,’ but in the Red Hill 
intrusion this rarely occurs; an observation also made 
by Brown (1957) in his study of the Skaergaard pyroxenes. 
In the contact zones of the Red Hill Dyke pigeonite
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commonly mantles primary orthopyroxene and assumes an 
orientation such that the b and c axes of the ortho­
pyroxene are retained. If the pigeonite has subsequently 
inverted to orthopyroxene on cooling, the orientation 
of this secondary orthopyroxene, in some cases, is the 
same as the primary orthopyroxene, in agreement with 
Foldervaart and Hess’ observations, but usually the 
orientation assumed is quite different. Also it is not 
uncommon to observe that a single pigeonite crystal, on 
inversion, has given rise to two or more areas of ortho­
pyroxenes which have different orientations; therefore 
even if one such area retained the b and c axes of the 
parent pigeonite the other(s) could not.
To further test the statement of Poldervaart and
Hess a number of crystals of pigeonite, which had partially
inverted to orthopyroxene, were plotted stereographically.
In some cases the orientation of the orthopyroxene in
relation to the parent pigeonite was quite random; in
other cases a relationship existed and the following
orientations have been found:
( c orthopyroxene = c pigeonite(( plane ab orthopyroxene containsb pigeonite
( b orthopyroxene lies in plane ac pigeonite( ~( plane ac orthopyroxene contains b pigeonite 
( a orthopyroxene lies in plane ac pigeonite 
( plane be orthopyroxene contains b pigeonite
Thus the Red Hill orthopyroxenes, which have re­
sulted from the inversion of pigeonite, exhibit a variety 
orientations relative to the parent pigeonice. In a 
few cases the orthopyroxene retains the b and c axes of 
the parent pigeonite; generally, however, the orientation 
is random, although it is not uncommon to find that one 
crystallographic axis of the secondary orthopyroxene lies 
in a plane defined by two of the crystallographic axes of 
the parent pigeonite, and vice versa.
The pigeonite only inverts to orthopyroxene in the 
marginal zones of the intrusion. These pigeonites, which 
are Mg-rich, have crystallized at a temperature just above 
the pigeonite - orthopyroxene inversion curve (fig. 4-5), 
and with cooling have been able to invert to orthopyroxene, 
because of the relatively fast rate of the inversion 
reaction at this temperature. Nevertheless, even in these 
rocks, less than half of the pigeonite has inverted, 
suggesting that the rate of cooling was such that the 
inversion oould only be partially completed before the 
temperature decreased to a value at which it became too 
sluggish a reaction to take place. With increasing 
fractionation, away from the contacts of the intrusion, 
the pigeonite became progressively enriched in Fe and 
probably crystallized at an increasingly greater tempera­
ture above the inversion curve. By the time this pigeonite 
had cooled sufficiently to cross the inversion boundary,
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into the orthopyroxene stability field, the rate of the 
inversion reaction had become too slow, relative to the 
rate of cooling of the rock, because of the lower tempera­
ture of the phase boundary, for inversion to take place 
at all. Even in the central parts of the intrusion where 
the rate of cooling would have been the slowest, the 
inversion reaction has been too sluggish to occur.
Both the primary orthopyroxene and that which has 
resulted from the inversion of pigeonite, in some cases, 
contain exsolution lamellae of augite which are related 
to the orthopyroxene structure. These lamellae are very 
fine and of a similar thickness to those in the pigeonite, 
and are developed //{100) of the host orthopyroxene. The 
lamellae are sporadically developed, even in the one 
crystal, and are not nearly as regular as those which 
occur in the clinopyroxenes. These augite lamellae have 
been exsolved from the primary or secondary orthopyroxenes 
as they cooled.
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(b) Olivine and its Alteration Products.
No magnesian olivine has been found in the fine 
grained dolerites adjacent to the contacts of the Red Hill 
intrusion, nor in any other of the many chilled contacts 
which have been examined from other localities in Tasmania. 
Edwards (1942, 580) noted corroded microphenocrysts of 
Mg-rich olivine in the chilled base of the Mt. Sedgwick 
intrusion, but did not find, this mineral elsewhere. 
Twelvetrees and Petterd (1899? 50) recorded the sporadic 
occurrence of olivine in the chilled marginal rocks of 
several dolerite intrusions in eastern Tasmania. However 
as no mention is made of orthopyroxene, which is ubiquitous 
in the contact rocks, it seems very likely that they have 
misidentified the mineral. The almost complete absence of 
early magnesian olivine in the Tasmanian dolerites reflects 
the tholeiitic character of the magma.
In the Red Hill intrusion the only olivine that 
occurs is a very iron-rich variety in the fayalite grano- 
phyre. The olivine, a fayalite, makes its appearance as 
the pigeonite ceases to crystallize, at the limit of the 
two-pyroxene field. It is present in the granophyre over a 
vertical range of about 250 feet, but then ceases to 
crystallize in the more acid granophyres. The fayalite 
occurs as large, anhedral crystals averaging between 1 mm 
and 2 mm in size, and is usually present as isolated 
crystals strongly moulded on plagioclase (fig. 26). It
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is pale yellow in colour. The olivine may exhibit two 
cleavages at right angles, but also develops irregular 
fractures. The optical properties (table 11), which were 
determined by similar methods as those for the pyroxenes, 
indicate a composition of about F a ^  (Poldervaart, 1950).
The crystals of fayalite are of very uniform composition; 
no zoning has been detected, and no significant variation 
of composition was found between the several specimens 
examined.
Bowen and Schairer (1955) show that with strong 
fractionation, even in a saturated basic magma, such as the 
Tasmanian dolerite, it is possible for an iron-rich olivine 
to form in equilibrium with quartz and an iron-rich 
pyroxene. This is the relationship found in the fayalite 
granophyre of the Red Hill area. At a later stage the 
crystallizing liquid passed out of the olivine stability 
field, since in the more acid granophyres the fayalite 
ceased to form.
The presence of an iron-rich olivine in strongly 
fractionated tholeiitic magmas has been reported by a 
number of other workers (Wager and Deer, 1959i Poldervaart, 
1944; Muir, 1954). It only appears in those differentiates 
in which there has been strong absolute enrichment in iron. 
In most cases of differentiation of tholeiitic magma a 
magnesian olivine occurs as an early crystallate, but, in 
agreement with the laboratory data of Bowen and Schairer,
TABLE 11. Optical properties of olivines from the
analyzed fayalite granophyres. Compositions 
after Foldervaart (1950). 2V accurate to 
-1°; refractive indices to -0.002.
Composition 
from 2V
Composition
from
Specimen
Number
Composition 
from Nr/
I* l i b r a r y P j
V E R S \
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the olivine ceases to crystallize for a period, and then 
reappears as a more iron-rich variety. Thus in the 
Skaergaard intrusion (Wager and Deer, 1939) olivine 
separates in the early and middle stages of fractionation, 
and ranges in composition from Fa2Q to F a ^  In the middle 
gabbros the olivine fails to crystallize and reappears in 
the ferrogabbros as Fa6Q, continuing to crystallize through­
out the rest of the sequence to become pure fayalite in 
the latest differentiates. In the New Amalfi sheet 
Poldervaart (1944, 94) found that the olivine varies con­
tinuously from F a ^  to FaZj^ , followed by a gap, after which 
the olivine again crystallizes as Fag0, finally attaining 
the composition of pure fayalite in the most iron-rich 
rocks. Muir (1934) records the presence of an iron-rich 
olivine (Fag^) in an iron-rich diabase from Beaver Bay, 
Minnesota.
In the Red. Hill intrusion the original magma was 
too acid for an early magnesian olivine to form, but because 
of the strong fractionation, resulting in marked iron 
enrichment in the later differentiates, the fayalitic 
olivine made its appearance.
In many of the fayalite gramophyres the olivine has 
been partially or completely pseudomorphed by a yellow to 
orange, or rarely green, mineral belonging to the idding- 
site group. The iddingsite formed from a single crystal 
of fayalite has a uniform orientation. It is generally
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faintly pleochroic and anisotropic, exhibiting up to second 
order interferance colours. The mineral is biaxial negative 
with a low to moderate optic angle. The refractive indices 
are usually less than that of Canada balsam, and rarely 
above. Cleavage is poorly developed but when present 
there is straight extinction on it. The iddingsite is 
considered to have resulted from deuteric alteration of the 
fayalite, rather than by a weathering process.
Ming-Shan Sun (1957) •> Wilshire (1958) and Brown 
and Stephen (1959) have shown from X-ray studies of idding­
site that it usually consists of a mixture of a layer 
lattice silicate structure and goethite. According to 
Brown and Stephen the reason iddingsite appears optically 
homogeneous, even though it is composed of a mixture of 
two minerals, is that the small crystals of both the layer 
lattice silicate ana the goethite are strictly oriented 
throughout a single grain.
(c) Plagioclase.
Both refractive index and universal stage methods 
have been used in the determination of the composition of 
the plagioclases. In those analyzed rocks in which the 
mineral was fresh enough the Y refractive index was deter­
mined (table 12) on the main generation of plagioclase.
The determinations were carried out on a crushed plagio­
clase concentrate on fragments which were essentially 
isotropic, and whenever possible the orientation was 
checked by examining the interferance figure. Although
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such fragments are relatively rare it is an easy matter to 
find them in a crystal crush. Because of the moderate 
zoning of the plagioclase it was found impossible to deter­
mine the i index definitively, so that it has been necessary 
to give a range for this index (table 12). These determina­
tions indicate a spread in the composition of the main 
generation of plagioclase of between 5% and 10% An (Ghayes, 
1952).
Two universal stage methods were used in the deter­
mination of the plagioclases; the Rittmann zone method, 
following the procedure of Chudoba (1953), and the method 
of Turner (194-7). Both methods also gave compositions of 
the main generation of plagioclase which varied by as much 
as 10%An in the one rock. This variation is probably partly 
experimental, but also the result of actual variation in 
the composition of the plagioclase. The average composition 
given in table 12 is probably correct to about -2% An. A 
minimum of six separate determinations were made on the 
plagioclase from each of the analyzed rocks. The bulk of 
a single crystal of plagioclase is fairly uniform in compo­
sition or slightly zoned, but in the quartz dolerites a 
more basic core and a thin, rapidly zoned, sodic rim is 
commonly developed. The compositions of the cores and rims 
were determined by the Rittmann zone method, since Turner's 
method does not lend itself to the determination of zoned 
crystals.
TABLE 12 . C o m p o s itio n  o f  th e  p l a g i o c l a s e s .
£Specimen
Lumber
M i c r o l i t e s M ic ro p h en o -
c r y s t s
C D
h o
i  1 
1 e
M2 00 An 65 An85
1 r Ml 72 - -
e i
a t
e
s
Range o f  Ny Av. compo- C o m p o s itio n C o m p o sitio n
o f  m ain s i t i o n  o f o f  c o r e . o f  r im .
g e n e r a t io n m ain  g e n -
e r a t i o n .
( U n iv e r s a l  s t a g e  m e th o h s ) .
Q D M9 1 .5 6 6 -1 .5 6 9 ^ 6 9 A n r^ ^ 4 3u 0 
a  1 M3 1 .5 6 2 -1 .5 6 7 An64 An40
r  e M209 1 . 565 - 1 .5 6 8 An68 An83 An42
t; r  
z i M210 1 .5 6 4 -1 .5 6 7 An65 An84 ^ 4 9
t M221 1 .5 6 3 -1 .5 6 7 An66 An An52
e
s M222 1 .5 6 3 -1 .5 6 7 An65 ^ 8 0 An42
M393 1 . 562 - 1 .5 6 6 An62 An80 An40
M395 1 . 561 - 1 .5 6 6 An 62 An70 An4«7
F G M2 2 3 1 . 562 - 1 . 56? An63 An4 ia  r  
y  a M384 1 .5 6 0 -1 .5 6 4 ^ 6 0 An36
a n Ml 2 1 .5 6 0 -1 .5 6 4 An61 An301 o 
i  P M3 2
1 .5 5 8 -1 .5 6 2 An55 AJI27
t  h
e y
r
e
s
G- P M206 An54
r  h 
a y
M162 An5 0 ’ Ani5
n  r M8 An15
o e
-  s M19 An14
Ml 76 An4 2 ’ An18
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Determinations by the Rittmann zone method on the 
plagioclases from the quartz dolerites and fayalite grano- 
phyres were made in the zone normal to (010), on crystals 
which exhibited combined Carlsbad and albite twinning, but 
measurements were also carried out on crystals which only 
had albite twin lamellae developed. In the granophyres the 
acid plagioclases were determined, in most cases, by measure­
ments in the zone normal to (001), since the composition 
plane of the twins is invariably parallel to (001).
Because the plagioclase of the granophyres is usually turbid 
with alteration considerable difficulty was encountered in 
the determinations.
Muir (1955) has snown that the plagioclase from the 
Mt. Wellington intrusion is in the transitional to high 
structural state, so that it is likely that all the plagio­
clase in the Tasmanian quartz dolerites is the high tempera­
ture form.
The microphenocrysts of plagioclase in the chilled 
contact dolerites is a basic bytownite (AUgg), but the 
groundmass plagioclase is labradorite (An^). The bulk 
of the plagioclase in the quartz dolerites is of labradoritic 
composition (An^-An^), becoming progressively more sodic 
in the more acid rocks. This trend continues into the 
fayalite granophyre and granophyre, and in the latter the 
main plagioclase is oligoclase (An^g). Many of the plagio­
clase crystals in the quartz dolerites have a core of 
bytownite composition. The core passes rapidly into the
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enveloping labradorite, v/hich is usually only slightly zoned 
Ihe core in most cases comprises less than one fifth of the 
volume of the crystal. Marginally the plagioclase is 
commonly strongly zoned to andesine as sodic as An^; 
these rims are usually relatively thin.
The plagioclase of the fayalite granophyres is very 
similar to that of the quartz dolerites, but is slightly 
more sodic in composition. Basic cores are generally absent 
and rims as sodic as oligioclase-andesine (An^) occur.
The plagioclase typically occurs as laths in the 
quartz dolerites and fayalite granophyres, and the elonga­
tion averages about two, but varies from one up to four.
The crystals are generally fresh and unaltered. Twinning 
is extremely well developed, usually on the Carlsbad, 
albite and pericline laws and less commonly on the other 
complex and parallel laws. Zoning is of the normal type 
from calcic to sodic varieties outwards, but in a few 
cases slight reverse zoning has been noted.
In the granophyres a marked change takes place in 
the form and composition of the plagioclase. It typically 
develops very elongate crystals, the length being up to ten 
times the width, and is turbid with alteration. This 
plagioclase is oligoclase (An^-An-^g) and is of very 
uniform composition; zoning is not developed. It is 
usually twinned on the manebach or manebach-ala laws.
In the granophyres occurring immediately above the fayalite
92.
granophyre (specimens M206, M162, M176) there are usually 
some crystals of more lime-rich plagioclase of andesine to 
lahradorite in composition. This plagioclase has the form 
typical of that in the quartz dolerites and fayalite gr&no- 
phyres. Commonly it is partially replaced by plagioclase 
of oligoclase composition. Even in the granophyres (M8, M19), 
from near the top of Red Hill, an occasional crystal of 
andesine-labradorite is observed. These have presumably 
formed at an early stage in the crystallization of the 
residual liquid, and have been entrapped in the high levels 
of the intrusion, rather than being displaced downwards by 
the upward movement of the remaining liquid. These 
relatively basic plagioclases are usually mantled by alkali 
feldspar, which has prevented the crystals from reacting 
with the residual liquid to produce a more sodic variety.
The oligoclase crystals in these rocks are also commonly 
mantled by alkali feldspar.
The alteration of the acid plagioclase, probably to 
kaolinitic material, is considered to have taken place in 
the final stages of consolidation, by late hydrothermal 
fluids.
(d) Alkali Feldspar,
Alkali feldspar occurs in all the rocks of the Red 
Hill intrusion, excepting those in the absolute chilled 
margins. It steadily increases in amount from the dolerite 
into granophyre, constituting up to 30% by volume in the
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latter. The feldspar is commonly turbid with alteration, 
and this is particularly marked in the granophyres. In the 
quartz dolerites and fayalite granophyres the alkali feldspar 
is generally only partially altered. Quartz is intimately 
intergrown with the feldspar in most of the rocks.
The alkali feldspar was separated from the quartz 
dolerite (M3) and the fayalite granophyre (M12) by 
centrifuging in acetylene tetrabromide, adjusted to the 
appropriate density. These rocks were selected for the 
separation because some of the alkali feldspar occurs as 
independant grains free from intergrowths of quartz.
However a completely pure sample of feldspar could not be 
obtained; impurities included some quartz and altered 
plagicclase feldspar, usually in composite grains with 
the alkali feldspar, and grains of zeolite. The concentrate 
was finely ground and treated with warm dilute hydrochloric 
acid, when most of the zeolite was removed. The sample was 
again centrifuged in an attempt to remove the remaining 
composite grains, however about 10% of quartz and plagio- 
clase still remained.
The optical properties of the two alkali feldspars 
are as follows: M2_ M12
% 1.5191 (±0.0005) 1.5215(-0.0005)
Ny 1.5243 1.5270
N z 1.5250 1.5285
2VX 36°±1° 51°+X°
ic plane -1.(010) ~ ±  (010)
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On the basis of the optic angle and the orientation 
of the optic plane the two alkali feldspars belong to the 
sanidine-anorthoclase cryptoperthite series of Tuttle (1952, 
557)- The refractive indices indicate a composition of 
about Org0 for the feldspar from the quartz dolerite (M3) 
and between 0r^0 and O r ^  for that from, the fayalite grano- 
phyre (M12) (Tuttle, 1952, 559)» Hewlett (1959) has shown 
that optical properties can only give, at best, a rough 
approximation to the composition of an alkali feldspar, 
because the degree of substitution of other ions for A1 
and K, the presence or absence of submicroscopic twinning 
or intergrowths, and the degree of order in the distribu­
tion of Si and A1 in the tetrahedral positions, all cause 
the optical properties to vary considerably. Accordingly 
the alkalies weredetermined on the separated feldspar by 
flame photometer, witn the following results:
weight per cent
Na20
Ml
2.32
M12
3.68
KpO 10.95 9.57
calculated (Na feldspar ((K feldspar
19.6 31.1
directly 64.6 56.5
recalculated (Na feldspar 23.5 35.5to 100% ((K feldspar 76.7 64.5
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When recalculated as Na feldspar and K feldspar 
only about 85% of the sample can be accounted for, even 
though the purity of the concentrate is at least 90%; 
partial alteration (kaolinization ?) of the alkali felds­
par may account for some of this discrepancy. Recalculating 
to 100% gives the approximate composition of the feldspar 
from the quartz dolerite M3 as Or,-.,-,, and that from the 
fayalite granophyre (M12) as Or^. These results are in 
reasonable agreement with the compositions derived from the 
optical properties, and show that the alkali feldspar from 
both rocks belong to the sanidine group (MacKenzie and 
Smith, 1956, 406).
An attempt was made to make a further independant 
check of the composition of the feldspars by the measurement 
of d (201) from an X-ray powder photograph (Bowen and 
Tuttle, 1950, 491-495). However the line in question 
could not be resolved from the (1010) line of the contaminat­
ing quartz, so that the only result obtained was to confirm 
that the feldspars are potash-rich varieties.
It was surprising to find that the alkali feldspar 
from the quartz dolerite (M3) was more potash-rich than 
that from the considerably more acid fayalite granophyre 
(M12). The analyses of the rocks themselves show that 
K^ ,0 became enriched in the later differentiates more 
strongly than Na£0, so that it might be expected that the 
alkali feldspar would become progressively more potash-
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rich, the reverse to the relationship actually found. It 
appears that in the quartz do1erite (M$) most of the Na?0 
was eliminated from the liquid in plagioclase, and particu­
larly in the acid rims, resulting in the final residual 
liquid, entrapped interstitially, crystallizing to produce 
a very potash-rich feldspar. In the fayalite granophyre 
(M12), when the alkali feldspar began to crystallize, 
considerable Na^O was apparently still available, so the 
feldspar that separated contained an appreciable amount of 
Na20.
(e) (Quartz.
In sympathy with the alkali feldspar quartz 
increases progressively in amount from the chilled marginal 
zones, where it is a very minor constituent, into the more 
acid dolerites and granophyres, where in the latter it may 
constitute over one-quarter of the rock. As described 
above, in the petrography, quartz occurs in most cases in 
intimate granophyric intergrowth with alkali feldspar, and 
less commonly as individual grains, which may exceptionally 
attain a size of 1 mm.
(f) Iron Oxides.
The proportion of iron oxide minerals varies widely 
in the Red Hill rocks, constituting between 1.5% and M-% 
by volume in the quartz dolerites and fayalite granophyres, 
and up to 10% in certain of the granophyres. It occurs 
rarely as euhedral grains, and generally as subhedral to
Fig. 49. Polished, section showing grains of magnetite 
(black) with well developed lamellae of ilmenite 
(white) parallel to the octahedral planes of magnetite. 
Also irregular segregations of ilmenite. Granophyre 
(specimen M162), Red Hill. Reflected light, oil 
immersion, crossed nicols, x 100.
Fi . 50. Crystal of magnetite with lamellae and 
irregular segregations of ilmenite. Granophyre 
(specimen Ml76), summit of O'Brien's Hill. Reflected 
light, oil immersion, crossed nicols, x 100.
Fig. 51« Well developed Widmanstetten pattern of 
ilmenite lamellae in magnetite. Also irregular 
grain of ilmenite (left). Qpartz dolerite (specimen 
M395), O ’Brien's Hill. Reflected light, oil 
immersion, crossed nicols, x 100.
Fig. 32. Lamellae and irregular areas of ilmenite 
(white) in magnetite (dark). Black area in lower 
part of field probably pyroxene. Specimen IV'395• 
Reflected light, oil immersion, crossed nicols, 
x 100.
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irregular crystals which, in some cases, show a rough skeletal 
structure. The crystals of iron ore average approximately 
0.5 mm in size, but may attain a diameter in excess of 2 mm. 
Very commonly the iron oxides have crystallized at the 
margins of pyroxene crystals, indicating that they have 
been precipitated at a relatively late stage in the crystal­
lization sequence.
Seven polished specimens of representative rocks 
from the Red Hill intrusion were prepared by courtesy of 
the Bureau of Mineral Resources, and were examined by 
Mr. W. Roberts and the writer in reflected light. In all 
cases the iron oxides are magnetite and ilmenite, the former 
being present in slight excess over the ilmenite. Most 
crystals of magnetite contain ilmenite lamellae oriented 
parallel to the octahedral planes of the host (figs. 49-53), 
and suitably oriented sections show the typical triangular 
or Widmanst&tten texture (figs. 51, 52). The width of the 
lamellae is widely variable, and commonly the ilmenite has 
separated into irregular areas ana grains within the 
magnetite (figs. 49-52). In extreme cases the ilmenite 
may constitute up to 50% of an iron oxide grain. Ilmenite 
also occurs in symplectic intergrowth either with magnetite 
(fig. 53) or with silicates (probably pyroxene), resembling 
a eutectic. In some cases ilmenite, usually with the 
symplectic texture, occurs independantly of magnetite, 
and also magnetite grains may be present which are completely
Fig. 53* Magnetite containing thin lamellae of 
ilmenite. Symplectic ilmenite (white) partly in 
intergrowth with magnetite. Specimen M395- 
Reflected light, oil immersion, crossed nicols, 
x 80.
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free of ilmenite lamellae. No lamellae of ulvöspinel have 
been observed in the magnetite. In one specimen (M8) 
alteration of magnetite to hydrated iron oxides is strongly 
developed, and this is considered to be the result of 
weathering. The textures of the iron oxide minerals are 
very similar to those described by Edwards (1942, 592) 
from other Tasmanian dolerites.
The ilmenite-magnetite intergrowths are generally 
interpreted as being the result of unmixing of ilmenite 
from a solid solution between Fe^O^ and FeTiO^ (Edwards, 
1 9 4 2 , 5 9 2 ; 1 9 4 7 , 6 4 ; Vincent and Phillips, 1 9 5 4 , 6 ; 
Nicholls, 1 9 5 5 , 1 4 4 - 1 5 2 ; Vincent et. al., 1 9 5 7 , 6 4 7 - 6 5 7 ) .  
As in most moderately slowly cooled rocks the unmixing has 
apparently been very complete, and the mobility of the 
ilmenite, at the temperature at which exsolution took 
place, was such that segregation into patches towards 
the margins of the magnetite was possible.
Many have attempted to homogenize the intergrowths
by heating, but without success, and Nicholls (1955, 149)
suggests that this is because ’the solid solutions from
which the intergrowths formed are probably metastable
intermediates between magnetite and a cubic form of
FeTiO^ (ft-FeTiO^) which cannot be produced by heating
rhombohedral FeTiCu (ilmenite)'. Ghevallier and Girard9
(1950) succeeded, by the use of fluxes, in synthesizing 
cubic solid solutions between Fe^o^ and- FeTiO^ up to 57
O------ O GRANOPHYRE (MI62)
Temperature (°c)
Fig. 5^* Thermal demagnetization curve of grano- 
phyre (specimen M162) from Red Hill. For comparison 
the behaviour of magnetite with increasing tempera­
ture is also plotted.
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mol % FeTiCU; however the cubic form of FeTiO^ has never 
been synthesized. The presence of ilmenite not associated 
with magnetite in many of the Red Hill rocks suggests that 
ilmenite crystallized as a primary phase as well as in 
solid solution with magnetite.
Thermal demagnetization experiments carried out by 
Mr. L. Parry on the Red Hill rocks and X-ray powder photo­
graphs on the iron oxide separates completely confirm the 
optical determinations. To obtain the variation of magnetic 
moment with temperature a small cylinder of the rock, or 
the separated iron oxide powder, is placed in an evacuated 
silica tube in a magnetic field large enough to produce 
saturation, and measurements are then made at various 
temperatures by means of a Föex and Forrer type of magnetic 
balance. Fig. 54 shows a typical demagnetization curve.
In all cases the curve is very similar to that of magnetite. 
The Curie temperature, taken as the point of inflexion of 
the curve, is 540-20°C, which corresponds to a magnetite 
containing some titanium in solid solution, accounting for 
the lower Curie temperature compared with pure magnetite 
(580°C). In the demagnetization curves for most of the 
rocks studied a small inflexion occurs at a temperature 
between 200 and 550°C, suggesting the presence of a second 
ferromagnetic phase, probably ilmenite. Pure ilmenite is 
paramagnetic but the presence of excess iron oxide in solid 
solution causes it to become weakly ferromagnetic.
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The measured magnetic moment of the separated iron 
oxide minerals was 45-5emu/g. That of magnetite is about 
90emu/g (Weiss and B8ex, 1929, 413), so that approximately 
50% of the sample is magnetite, the remainder being 
ilmenite, in good agreement with their relative amounts 
determined optically. Again the X-ray powder photographs 
show the presence of magnetite and ilmenite, and in approx­
imately equal proportions. The size of the unit cell of the
, omagnetites, from the Red Hill rocks, is 8.40-8.41(-0.01) A
o
compared with 8.396A (Basta, 1957) for pure magnetite. The 
slightly larger unit cell indicates the presence of some 
ulvöspinel in solid solution in the magnetite, in good 
agreement with the Curie temperature of the phase.
(g) Accessory Minerals.
(i) Amphibole.
In the quartz dolerites and particularly the more 
acid ones, in the fayalite granophyres and in the immediately 
overlying granophyres, amphibole is present as an important 
accessory mineral, and may constitute up to 1% of a rock by 
volume. It occurs most commonly as an overgrowth on pyroxene, 
but in some rocks sporadic grains have crystallized 
independantly of pyroxene, and associated with quartz and 
alkali feldspar. When mantling pyroxene the amphibole 
always forms in such a manner that the c axis is common to 
both minerals. The crystals average about 0.5 mm in size 
and rarely may be up to 1.5 mm. The amphibole has a tendency
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to exhibit crystal faces, and sporadic euhedral grains are 
present. The bulk of the amphibole is a strongly pleochroic 
dark brown to greenish brown variety, but commonly passes 
out into a green or even bluish green type, which itself may 
be mantled by an almost colourless variety. The pleochroic 
schemes are as follows:
X pale yellow brown X pale yellow green
Y brown Y dark green
Z dark brown or 
ish brown
green- Z dark green or bluish
green
The optical properties of the dark brown to greenish brown
variety from the fayalite granophyre (M12) are set out below
Nx 1.690 +0.001
% 1.706
Nz 1.716
2VX = 52°il°
zAc II H o
These properties indicate that the mineral is soda bearing, 
belonging to the hastingsite series (Troger, 1952, 65), and 
is a moderately iron-rich member of this group (barkevikite) 
The mode of occurrence of the amphibole suggests 
strongly that it is a primary magmatic mineral, formed 
during the late stages of crystallization, and is not the 
result of alteration of pyroxene.
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(ii) Biotite.
Sporadic flakes of brown biotite, usually less than 
0.3 mrn in size and rarely exceeding 0.5 nun, occur at the 
margins of pyroxene crystals and occasionally associated 
with iron ore. Generally this biotite is only found in 
dolerites which are within several hundred feet of a chilled 
contact, ana has not been detected in the fayalite grano­
phyre or granophyre. The pleochroism is as follows:
X pale yellow 
Y reddish brown 
Z deep red brown
Most of this biotite appears to be primary and of late 
crystallization, but in some cases small flakes occur within 
pyroxene, and these may have originated by alteration of 
the pyroxene.
More common than the brown biotite is a green variety 
which is present in small amounts in the quartz dolerite 
and fayalite granophyre, associated with pyroxene and iron 
ore margins, and also as small independant areas within 
the mesostasis. This green biotite slightly resembles 
chlorite, since it commonly is finely fibrous, but it also 
forms small flakes. However the moderate birefringence, the 
negative figure which is either uniaxial or biaxial with a 
low 2V, the straight extinction, and the length slow 
character of the crystals indicate that it is in fact a 
biotite. It has the following pleochroic scheme:
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X pale yellow green 
Y green to dark green 
Z dark green.
This green biotite is of very late crystallization and may 
partly be deute.ric in origin.
(iii) Chlorite.
The pyroxenes in the quartz dolerite and fayalite 
granophyre are commonly partially altered to finely fibrous 
green chlorite. The alteration is usually only incipient, 
but in some cases the pyroxene may be quite dark as a result 
of relatively strong alteration. The chlorite begins to 
form along the (001) parting of the pyroxene, as noted by 
Edwards (194-2, 591).
(iv) Apatite.
Apatite is a ubiquitous but minor accessory in all 
the rocks in the Red Hill intrusion, excepting those at the 
chilled contacts. It is invariably associated with the 
latest crystallizing phases, the quartz and alkali feldspar. 
Commonly small needles occur embedded in the latter mineral. 
The variation in grain size of the apatite is large, from 
minute acicular crystals to much elongated needles which 
may exceptionally attain a length of 5*5 nun in the granophyre. 
Essentially isotropic hexagonal cross sections of apatite 
are also present.
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(v) Sphene.
Sphene only occurs in the granophyres, in which it 
is present as small crystals averaging about 0.1 mm to 
0.2 mm in size, and attaining a maximum of 0.6 mm. Generally 
it is present as roughly equidimensional grains which rarely 
exhibit crystal faces. The sphene is pale yellow in colour 
and may be very faintly pleochroic. It is commonly found 
adjacent to pyroxene or its alteration products, and has 
crystallized at a late stage, and may even be deuteric in 
origin.
(vi) Fluorite.
Fluorite is a very rare accessory in the Red Hill 
rocks. An occasional granule about 0.2 mm in diameter has 
been found in two of the granophyres. It is characterized 
by its two cleavages at about 70°, its high relief with 
index less than balsam, and by being isotropic. It may be 
associated with sphene.
(vii) Zeolite.
Zeolite is present in varying amount up to 2%  by 
volume. It invariably occurs intersertally, and quartz 
and alkali feldspar may exhibit crystal outlines towards it. 
The zeolite usually forms irregular areas averaging 
about 0.5 mm across, but may reach 2 mm or more in size.
It is of late crystallization and probably formed from the 
final hydrothermal liquids. Generally it occurs in sheaf- 
like aggregates and has a good cleavage, on which the
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the extinction is usually parallel. The refractive indices 
are always distinctly less than Canada balsam, and the 
zeolite is biaxial negative with a moderate 2V. The propert­
ies suggest that it may be stilbite. Associated with this 
zeolite in some rocks is a mineral which is isotropic or 
very weakly birefringent, and appears to be analcite.
(viii) Prehnite.
Prehnite occurs in intersertal areas up to several 
millimetres across in several of the granophyres examined, 
and also sporadically as an alteration product of plagio- 
clase in the quartz dolerites and fayalite granophyres.
It forms fibrous to sheaf-like aggregates and exhibits the 
typical wavy extinction. In the granophyre (M19) from the 
summit of Red Hill areas up to 7 m  across are found, and 
quartz may occur in intergrowth with it. In one thin section 
of this rock a small vein traverses the rock. Obviously it 
was formed at a late stage in the crystallization of the 
rocks and is therefore probably deuteric.
(ix) Calcite.
Calcite is present in small irregular areas as a 
very minor constituent in several of the granophyres 
examined. It is a most uncommon mineral.
(x) Sulphides.
Sporadic crystals of pyrite up to 0.6 mm across are 
present in many of the rocks. Minute granules of chalco- 
pyrite up to 0.1 mm in size have also been identified.
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VI THE MAGMATIC HISTORY OF THE TASMANIAN DOLERITES.
(a) The Dolerite Magma.
As noted previously rapid chilling of the dolerite 
magma has taken place, at the intrusive contacts with the 
sediments, to produce very fine grained rocks containing 
a small proportion of microphenocrysts; thus crystalliza­
tion had just commenced prior to the intrusion of the magma. 
It is reasonable to assume that the composition of the 
chilled dolerite approximates closely to that of the un­
differentiated magma.
In table 13 the two chilled dolerites from the Red 
Hill intrusion are repeated from table 2 above, together 
with five other new analyses of chilled dolerites, from 
various other localities in Tasmania. The average of the 
six analyses of contact dolerites from Edwards (194-2) and 
the average of the whole thirteen available analyses of 
chilled dolerite are also listed in table 1$.
Edwards (194-2, 4-64-) commented upon the remarkably 
uniform composition of the chilled dolerites throughout 
Tasmania and this is again confirmed by the additional 
analyses (table 13)* The new analyses have little altered 
the average calculated by Edwards from, his data, except 
that all the new analyses tend to have a slightly higher 
Si0o and lower Alo0* content. The Red Hill magma is very 
similar in composition to the average Tasmanian chilled 
dolerite, but has a significantly higher SiC>2 content, and
TABLE 13
M200 Ml 7 2 R76 P r o c t o r ' s  
Road
DDU 5002 DDH 5084 8072 E d w ard s '
T asm anian
A verage
New
T asm anian
A verage
S i 0 2 5 4 .1 3 5 4 .1 5 5 4 .5 4 5 3 .6 0 5 3 .3 2 5 3 .0 4 5 2 .7 4 5 2 .6 5 5 3 .1 8
Tx° 2 0 .7 0 0 .7 1 0 .7 2 0 .6 6 0 .7 0 0 .7 7 0 .61 0 .5 8 0 .6 5
A i2°3 1 5 .3 1 1 4 .8 3 1 4 .7 8 1 4 .3 4 1 4 .1 8 1 4 .7 4 1 4 .2 2 16 .23 1 5 .3 7
I Fe2°3 0 .7 3 0 .5 0 0 .2 7 0 .7 8 0 .97 1 .6 4 1 .8 9 0 .51 0 .7 6
F e O 8 .2 3 8 .9 5 8 .9 6 8 .6 3 8 .5 4 7 .4 3 8 .1 8 8 .2 1 8 .3 3
MnO 0 .1 6 0 .1 2 0 .1 4 0 .17 0 .1 8 0 .1 7 0 .1 5 0 .1 5 0 .1 5
; MgO 6 .6 6 6 .7 6 6 .8 0 6 .3 7 7 .2 3 6 .8 8 6 .7 8 6 .6 4 6 .7 1
CaO 1 0 .7 2 1 0 .6 5 1 1 .1 2 1 0 .7 5 1 1 .2 2 1 0 .2 9 1 0 .6 7 1 1 .3 4 1 1 .0 4
Na2° 1 .7 6 1 .9 8 1 .8 0 1 .5 9 1 .3 8 1 .7 5 1 .7 9 1 .5 8 1 .6 5
k20 0 .9 5 1 .1 3 0 .91 0 .8 2 0 .8 7 1 .5 6 0 .6 5 0 .9 0 1 .0 3
P2°5 0 .0 9 0 .2 6 0 .0 6 0 .1 4 0 .2 0 0 .1 3 0 .1 5 0 .01 0 .0 8
H20+ 0 .5 0 0 .2 6 0 .1 8 0 .8 5 1 .0 0 1 .1 3 2 .0 1 0 .4 8 0 .6 7
h 2 0 - 0 .3 6 0 .0 8 0 .2 2 0 .3 4 0 .6 4 0 .9 6 0 .1 8 0 .8 5 0 .4 5
c ° 2 0 .5 4 N il
0 .21
1 0 0 .3 0 1 0 0 .3 8 1 0 0 .5 0 9 9 .7 9 100 .4 3 1 0 0 .4 9 1 0 0 .0 2 100 .13 1 0 0 .9 7
Key to Table 13
M200 : Chilled, dolerite from absolute contact of northern
sill, Red Hill intrusion, northeast of Longley. Analyst:
Ian McDougall.
M172 : Chilled dolerite from absolute contact, eastern
margin of Red Hill Dyke, north of Snug River. Analyst:
Ian McDougall.
R76 : Chilled dolerite from absolute contact, top of sill
near Remarkable Cave, Tasman's Peninsula. Analyst: Avery
and Anderson.
Proctor's Road : Dyke of chilled dolerite in the upper
part of the Mt. Nelson sill, Proctor's Road quarry, Hobart. 
Analyst: Tasmanian Mines Department. Analysis by courtesy
of Mr. A.H. Spry, University of Tasmania.
DDH 5002 : Chilled lower contact of dolerite sheet, Great
Lake North. Analyst: Avery and Anderson.
DDH 5084 : Chilled lower contact of dolerite sheet, Great
Lake North. Analyst: Avery and Anderson.
8072 : Chilled contact dolerite from Eureka Cone Sheet,
Heemskirk Greek, West Coast of Tasmania. Analyst: Tasmanian
Mines Department. Analysis by courtesy of Mr. A.H. Spry, 
University of Tasmania.
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is slightly lower in Al^O^ and GaO. Na^O also tends to he 
a little higher than average. The close similarity in com­
position of the two chilled dolerites (M200, M172) analyzed 
from the Red Hill area leaves no doubt that they are from the 
same intrusion.
The Tasmanian dolerite magma belongs to the 
tholeiitic-basalt association, characterized by a high SiC>2 
content and a relatively low MgO/CaO ratio, as compared with 
the olivine-basalt association (Kennedy, 1951; 1953)•
Comparison with other tholeiitic provinces (table 14) shows 
that the Tasmanian dolerite, although obviously belonging to 
the same magma-type, is richer in SiO^ and GaO and poorer in 
iron and TiO^; the other constituents being present in 
more or less comparable amounts. Besides the lower total 
iron content, the proportion present as is appreciable
lower than in other provinces. As pointed out by Edwards 
(1942, 464) the Tasmanian dolerite is extraordinarily 
similar to the two published analyses of Antarctican chilled 
dolerites. Dr. J. Stephenson (personal communication) has 
analyzed three upper contacts of dolerite sheets in the 
Theron Mts., Antarctica, and these analyses are also very 
similar to the Tasmanian average.
TABLE 14* Comparison of the Red Hill dolerite and average Tasmanian dolerite with tholeiites
from other basaltic provinces.
1 2 3 4 5 6 7 8 9 10
Si02 54.1 53.4 53.7 51.9 51.8 51.1 51.6 49.6 48.2 50.8
Ti02 0.7 0.6 0.7 1.2 1.1 2.4 2.7 2.9 1.4 2.0
A12°3 15.0 15.4 16.0 14.7 15.6 13.9 15.0 14.5 18.9 14.1
Fe2°3 0.6 0.8 0.8 1.5 1.0 3.9 3.4 3.4 1.2 2.9
FeO 3.6 8.4 7.4 8.8 9.7 8.6 9.6 10.2 8.7 9.0
MnO 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.4 0.1 0.2
MgO 6.7 6.7 7.0 7.5 7.2 5.5 4.9 5.4 7.9 6.3
CaO 10.7 11.1 11.1 10.4 9.9 9.2 8.9 9.4 10.5 10.4
Na20 1.9 1.7 1.8 2.1 1.8 2.4 2.4 2.0 2.4 2.2
K2° 1.0 1.0 1.0 0.7 0.7 1.0 1.1 1.0 0.2 0.8
P2°5 0.2 0.1 - 0.2 0.1 0.3 0.2 0.2 0.1 0.2
f 2°+ 0.4 0.7 0.4 0.9 0.9 1.5 1.0 0.4 0.9
Number of 
analyses 2 13 2 13 5 6 32 4 2 137
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(b) The Variation in Concentration of Certain Trace 
Elements in the Red Hill Intrusion.
(i) Introduction.
The concentrations of the trace elements Ni, Co,
Cr and Cu in all the rocks analyzed for the major constit­
uents, have been determined by Dr. J.F. Lovering, using a 
constant current spectrographic method. The relative 
deviation in the reproducibility of the results by this 
method is approximately the following: Ni 8%, Co 4%,
Cr 2%, Cu 10%. The accuracy of the determinations may be 
ascertained by comparison (table 15) with the results 
obtained by various workers on the standard diabase (Wl) 
and granite (G-l).
TABLE 15
REFERENCE METHOD Wl G1
Co Cr Cu Ni Co Cr Cu Ni
Ahrens
(1954)
”Recommended 
Value”
36 130 110 90 (4) 20 11 (5)
Smales et
al (1957)
Neutron
Activation
49 112 73 2.1 9.5 1.2
Turekian
(1957)
Emission-
spectrograph
41 105 - 110 < 2 22 - < 2
This work Emission-
spectrograph
50 108 114 69 - 2 16 13 ~ 2
In table 16 the concentration of each minor element 
determined is given, and the results plotted in figs. 55 and 
56 against the mafic and felsic indexes respectively, which
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have been calculated from the analyses of the rocks (see 
below), and which are a measure of the decree of fractiona­
tion. Ni and Gr and, to a lesser degree, Go show a marked 
decrease in concentration with fractionation, whereas Gu 
is strongly enriched in the middle stages of fractionation, 
decreasing rapidly in the latest differentiates. The trends 
show very close agreement with those of other differentiated 
basic intrusions and, in particular, with the Skaergaard 
intrusion (Wager and Mitchell, 1951) and that at Dillsburg, 
Pennsylvania (Hotz, 1955)*
Trace element determinations have also been carried 
out on the separated pyroxenes from several of the Red Hill 
rocks, and also on a fayalite, and the results are listed 
in table 17» The ionic radius and electronegativity of 
each ion referred to in the text is given in table 16, and 
are quoted from Green (1955)*
TABLE 16.
Specimen
Number
Mafic
Index
Felsic
Index
Ni
PPm
Oo
ppm
Or
ppm
Ou
PPm
Chilled [
Dolerites £
M200 57-56 20.18 95 47 145 80
Ml 72 58.30 22.60 92 47 158 75
(
(
(
(
(
M9 65-77 24.6? 43 40 28 100
M3 72.65 27.57 33 42 24 121
M2 09 77.75 29.18 11 28 18 117Q&iart z (
(
c
(
M210 73.77 22.75 27 31 26 105
M221 79.10 28.40 5.5 28 16 137Dolerites ( 
( 
( 
( 
( (
M2 2 2 80.63 30.93 4.4 41 14 139
M393 83.69 31.73 2.8 43 19 158
M395 87.28 35.09 < 1 30 15 120
( M2 2 3 90.40 40.53 1.3 28 17 66Fayalite (
c M384 92.38 44.28 1.0 11 17 34Grano- (
( Ml 2 92.48 46.05 1.8 10 18 44phyres ( M32( 94.86 58.02 2.4 11 17 40
(
(
(
M206 91.63 52.01 1.0 23 17 70
M162 95.72 64.04 2.3 3.8 17 19Grano- (
( M8 96.45 71.4*3 1.8 5.0 15 16phyres (
(
(
(
M19 94.64 62.28 1.9 14.4 16 24
M176 95-82 67.76 2.1 7.7 16
1
21
TABLE 17
Speci­
men
No.
Hock Mineral Nippm
Co
ppm
Cr
ppm
Cu
ppm
M210 Quartz dolerite Augite 112 87 54 22
M210 Quartz dolerite Pigeonite35 77 123 5 67
M395 Acid dolerite Ferroaugite 53 115 26 -65
Ml 2 Fayalite grano- 
phyre
Ferroaugite 6 88 23 58
Ml 2 Fayalite grano- 
phyre
Fayalite 23 141 51 29
M162 Granophyre Ferro-
hedenbergite 5 - 30 - 5 23
35 Note - Correction made for 10% augite impurity.
TABLE 18
Ion Ionic0 Radius 
A
Electro­
negativity
Al5 0.51 1.5
Ca2 0.99 1.0
Co2 0.72 1.7
Cr5 0.63 1.6
Cu1 0.96 i-1 00
Cu2 0.72 2.0
Fe2 0.74 1.65
Fe5 0.64 CD
Mg2 0.66 1.2
Na1 0.97 0.9
Ni2 0.69 1.7
Si4 0.42 1.8
110.
(ii) The Chilled dolerite.
Comparison of the average chilled dolerite from the 
Red Hill intrusion with that from the nearby Mt. Wellington 
sheet (Tiller, 1959) shows that the trace element content 
is very similar (table 19), as was to be expected because 
of the close similarity in their major constituents.
However the Cu concentration in the Mt. Wellington dolerite 
appears to be significantly higher than in that of Red Hill. 
The composition of the chilled dolerite with respect to the 
trace elements is not unlike that of the chilled contacts 
of the Dillsburg (Hotz, 1953) and Skaergaard intrusions 
(Wager and Mitchell, 1951) (see table 19)« In the Dillsburg 
diabase the Cu concentration is somewhat higher, and com­
paring with the Mt. Wellington chilled dolerite the V and 
Zr are lower in the Dillsburg magma. The Skaergaard gabbro 
has a greater concentration of Ni and Cu and is lower in V 
and Zr than the Tasmanian dolerite. The dolerite from the 
Karroo province, which Nockolds and Allen (1951) consider 
as being close in composition to the parental magma, has a 
higher Ni and Cr content, and somewhat lower V and Zr 
concentration as compared with the Tasmanian dolerite. 
However in general the concentration of the various trace 
elements in the Tasmanian dolerite magma is very similar 
to the concentrations in tholeiites from other provinces, 
except for the higher Zr and V contents.
TABLE 19.
1 2 5 4 5
.
Ni 95 88 87 170 150
Co 47 50 55 55 50
Cr 151 - 200 170 425
Cu 78 105 175 150 -
Ga - 22 - 17 50
Mo , 8.8 n.d. n.d. -
V - 580 250 140 220
zr
- 150 57 50 65
1. Average Red Hill chilled dolerite (two analyses).
2. Average Mt. Wellington chilled dolerite (two analyses),
Tiller (1959).5. Average Dillsburg chilled diabase (two analyses), Hotz
(1955) .
4. Average Skaergaard fine grained gabbro ( two 
analyses), Wager and Mitchell (1951).
5. Karroo parental tholeiite magma, Nockolds and Allen
(1956) .
n.d. : less than the sensitivity.
Dash indicates absence of data.
Concentrations in parts per million.
Pa
rt
5 80-
MAFIC INDEX
Pig. 55. The concentration of certain trace elements 
in the "Red Hill rocks plotted against the mafic index.
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(iii) Nickel.
As in all other fractionated basic magmas that have 
been examined the Ni content of the Red Hill intrusion 
decreases markedly with fractionation (figs. 55, 56). The 
chilled contacts contain about 90 ppm Ni but within 500 feet 
of the margins of the dyke Ni has decreased to less than 
half this value. In the more acid dolerites the concentra­
tion drops to below 5 ppm, and remains essentially constant 
in the fayalite granophyre and granophyre at less than 2 ppm. 
Thus in the exposed portion of the Red Hill intrusion there 
is a very large deficiency in Ni, if it be assumed that the 
chilled dolerite at the contacts represents the undifferen­
tiated m^ma. Therefore to compensate for this there must be 
a zone of strong Ni enrichment somewhere within the intrusion.
That the Ni is concentrated selectively in the early 
crystallizing ferromagnesian and iron oxide minerals in a 
basic magma has been well demonstrated (Vogt, 1925; Wager 
and Mitchell, 1951; Storm and Holland, 1957)- Tiller (1959) 
has shown that this is the case in the Mt. Wellington sill, 
where there is enrichment in Ni in the lowest 300 feet of 
the intrusion, corresponding to the accumulative zone of 
early crystallizing Mg-rich pyroxenes (Edwards, 194-2).
As pointed out previously, only the upper, more acid, parts 
of the Red Hill intrusion are exposed, so that at depth, 
above the floor of the body, there must exist a considerable 
volume of dolerite more basic than the initial magma, and
©--------- ©Nickel
•  Cobalt
— oChromium - 
-----^Copper
8 °v\
) 50
FELSIC INDEX
Fig. 56. The concentration of certain trace elements 
in the Red Hill rocks plotted against the felsic index.
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containing much early crystallizing Mg-rich pyroxene, 
which has migrated from higher levels in the intrusion.
It is in this zone that enrichment in Ni must occur to 
account for the large deficiency in the exposed part of 
the intrusion.
It has been generally accepted, mainly on the
basis of the work of Vogt (192$), that Ni is camouflaged
by Mg, because of the concentration of Ni in the early
crystallizing Mg-rich ferromagnesians. However Ringwood
(1955; 1956) shows that the relative enrichment of Ni
in the early ferromagnesians is not consistent with the
melting relationships of Ni and Mg compounds, and from
consideration of ionic radii and electronegativities it
pis more likely that Ni is camouflaged by Fe . Further­
more he points out that Bowen and Schairer (1955) showed 
that the presence of even small amounts of Fe in Mg- 
olivines causes a marked lowering in the temperature of 
melting. Ringwood (1956, $02) therefore considers that 
the presence of some Fe in the early olivines is sufficient 
to change the equilibrium conditions to such an extent 
that Ni may enter in excess into this phase, and further 
suggests that similar behaviour might be expected in the 
pyroxenes.
Storm and Holland (1957), Tiller (1959) and 
Wilkinson (1959) have snown that the Ni content of iron 
ore minerals is considerably greater than in the associated
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pyroxenes, which lends strong support to Ringwood's
2suggestion that Re rather than Mg camouflages Ni.
With fractionation the Ni content of the pyroxenes 
from the Red Hill intrusion decreases markedly (table 17), 
and in the pyroxenes from the fayalite granophyre and 
granophyre the concentration is very low, reflecting the 
low total Ni content of the host rocks. The Ni content 
of the pigeonite from the quartz dolerite (M210), is some­
what lower than in the coexisting augite; the reverse to
2what might be expected if Ni proxies for Fe , since the 
Fe/Mg ratio in the pigeonite is appreciably higher than in 
the associated augite. However in the fayalite granophyre 
(M12) the fayalite has a much greater Ni content than the 
coexisting ferroaugite, ana since the Fe/Mg ratio is much 
higher in the olivine than in the pyroxene, this supports 
Ringwood‘s ideas.
Thus the evidence is inconclusive as to whether
2Ni is camouflaged by Mg or Fe , but it can be stated with 
certainty that the Ni is concentrated in the early ferro- 
magnesian minerals, resulting in the magma being successively 
impoverished in this constituent.
It is possible to show by simple calculation that 
the Ni of the Red Hill rocks is contained almost exclusive­
ly in the ferromagnesian minerals, since the Ni content 
of the ferromagnesians has been determined, and the total 
Ni concentration in the host rocks is known (see table 20).
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TABLE 20.
Specimen Ni Average Wt.% of Ni Oontribu- Ni contentPPm Ni ferro- tion from of hostppm magnesian f erromagne sian rock
M210
Augite 112
95 25 24 27M210
Pigeonite 77
M395
Ferroaugite 55 16 8.5 v< I
Ml 2
Ferroaugite 6 6 9.5 0.6)
)
)Ml 2 1.8Fayalite 23 23 4.5 1.0)
M162
Ferro-
hedenbergite 5 
1 5 10.5 0.5 2.3
There is perfect agreement in (M210) and (M12), but in 
(M$95) the contribution by the ferroaugite appears to be 
in excess of the total Ni present in the rock, whereas in 
(M162) the pyroxene seems to account for only about one 
quarter of the total Ni present. However in a qualitative 
way the agreement is good,and probably the apparent errors 
can be explained by the uncertainty in spectrographic 
analysis. It is expected that a small contribution to the 
total Ni content of the rock would be made by the iron ore 
present.
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(iv) Cobalt.
The overall trend in the Co content of the Red Hill 
rocks (figs. 55, 56) is for a gradual, but steady, decrease 
in concentration with fractionation, and this is the normal 
behaviour in the differentiation of basic magma (Rankama 
and Sahama, 1950;  Wager and Mitchell, 1 9 51;  Goldschmidt, 
1954;  Nockolds and Allen, 1956;  Wilkinson, 1 9 5 9 ) .  There 
is a considerable scatter of the points on the diagrams 
(figs. 5 5 , 5 6 ) ,  but a relatively high Co content is found in 
the most iron enriched quartz dolerites (M222, M395),  which 
may be significant. Hotz ( 1 9 5 3 )  noted a slight enrichment 
in Co in the transitional granophyric diabases of the 
Dillsburg intrusion, and these rocks are strongly enriched 
in iron. However this behaviour has not been found in the 
Karroo dolerites (Nockolds and Allen, 1 9 5 6 )  nor in Skaer- 
gaard (Wager and Mitchell, 1 9 5 1 ) .  The trend in the M t. 
Wellington dolerite (Tiller, 1 9 5 9 )  is for slight enrichment 
in Co in the lower Mg-rich zone of the sill, followed by a 
steady decrease in the more acid dolerites.
It is well known that most of the Co occurs in the 
ferromagnesian and iron oxide minerals in igneous rocks. 
Because of the similarity in ionic radii and electronegativ­
ities (table 1 8 ) ,  it has been generally accepted that Co 
is camouflaged by Fe^. Sandell and Goldich ( 1 9 4 3 ,  1 7 8 ) ,
however, believe that there is a closer relationship between
pCo and Mg than between Co and Fe , because of the concentra-
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tion of Co in the early differentiates, and the near
linear relationship that they found between Co and Mg.
However Sandell and Goldich pointed out that at least in
pthe iron ore Co must proxy for Fe . In the Red Hill rocks,
although the Co concentration decreases with decreasing Mg
2content, the Co appears to follow the Fe trend more 
closely.
The pyroxenes provide further evidence for the
2Co-Fe diadochy. The pigeonite from the quartz dolerite
(M210) contains a greater concentration of Co than the
coexisting augite (tables 17, 21) and reflects the much
higher Fe/Mg ratio in the pigeonite relative to the augite.
Also in the fayalite granophyre (M12) the Co content of
the olivine is considerably higher than in the associated
ferroaugite, which can again be explained by the higher
Fe/Mg ratio in the fayalite compared with the ferroaugite.
Thus the evidence from Red Hill strongly favours camouflage 
2of Co by Fe rather than by Mg.
There is an increase in the Co content of the 
pyroxene from the acid quartz dolerite (M395) as compared 
with the quartz dolerite (M210). Tiller (1959) observed 
a slight increase in Co concentration in the pyroxenes 
from Mt. Wellington with fractionation, even though the 
total Co in the dolerite decreases as the sill is traversed, 
and he explains this in terms of the decreasing proportion 
of pyroxene occurring in the more acid parts of the intrusion.
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This trend of increasing Go content in the later pyroxenes 
is the opposite to that found in Skaergaard (Wager and 
Mitchell, 1951) and in the Black Jack teschenite sill 
(Wilkinson, 1959). However in the most acid dolerite from 
Mt. Wellington there is a slight decrease in Go concentra­
tion in the pyroxene, and at Red Hill the pyroxenes from 
the fayalite granophyre and granophyre show a marked de­
crease in the amount of Go present, in keeping with the 
lower Go content of the host rocks.
In the exposed part of the Red Hill intrusion 
there is a considerable deficiency in Go, so that like 
hi, an excess must have been removed in the early pyroxene 
crystallates. It is generally found that with fractiona­
tion the Hi is eliminated much more rapidly than the Go 
(Sandell and Goldich, 199-$; Wager and Mitchell, 1951; 
Nockolds and Allen, 1956; Wilkinson, 1959). In the un­
differentiated basic magma the Go/Ni ratio is usually 
0.5 - 0 .6 , but with the rapid elimination of Ni in the 
early stages of fractionation the Go content relative to 
hi increases, and generally in the middle and late stages 
the Go exceeds the Ni in concentration, but both constit­
uents have been reduced to very low concentrations.
Although Go and Ni have nearly identical ionic 
radii and electronegativities the much more rapid removal 
of Ni relative to Go from the magma, in the early stages 
of fractionation, has never been adequately explained.
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As pointed out by Landergren (1948) some other factor must 
cause the Ni to be preferentially eliminated at an early 
stage of fractionation.
It has been noted above that the bulk of the Go 
in igneous rocks occurs in pyroxene and olivine. The con­
tribution of the ferromagnesian minerals to the Go content 
of the several rocks analysed from the Red Hill intrusion 
is given in table 21.
TABLE 21.
Specimen Co "7Average Wt.% of Go contribu- Co content !Ippm Go ferro- tion from of host
ppm magnesian ferro­
magnesian
rock
M210
Augite 87
105 25 26 31
M210
Pigeonite 123
M395Eerroaugite 115 115 16 18.5 30
Ml 2
Eerroaugite 88 88 9.5 8.5 10
Ml 2
Eayalite 141 141 4.5 6.5
Ml 62
Ferro-
hedenbergite
-30 - 30 10.5 3 3.8
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The calculations show that the greater part of the Co does 
in fact occur in the ferromagnesian minerals, in the Bed
chilled contacts of the Red Hill intrusion, and decreases 
very rapidly away from the margins to a constant value of
55, 56). The Cr behaves in a similar manner to Ni, and, 
as in the case of Ni, there must be strong relative enrich­
ment in Cr in the accumulative zone above the base of the 
intrusion, in order to account for the large deficiency in 
Cr in the exposed part. The marked impoverishment in Cr 
with fractionation is the normal trend found in differen­
tiated basic intrusions (Rankama and Sahama, 1950; Wager 
and Mitchell, 1951; Wilkinson, 1959).
as pointed out by Ringwood (1955), this does not explain
behaviour.
Except for the separation in many cases of chromite
Hill intrusion.
(v) Chromium.
The content of Cr is at a maximum (150 ppm) in the
17-2ppm in the more acid dolerites and granophyres (figs.
Because of the similarity of ionic radii Wager and 
Mitchell (1951) suggested that Cr^ proxies for Ee^, but,
3the high degree of preferential concentration of Cr
3relative to Ee" , in the early stages of crystallization.
3Ringwood shows that the smaller electronegativity of Cr"^
3compared to Ee'' can readily account for the observed
in the early stages of crystallization of basic magap.a, Cr
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occurs almost exclusively in the ferromagnesian and iron 
oxide minerals, and Hess (194-9) reports pyroxenes contain­
ing over 1% Cr^O^. The amount of Gr in the analyzed 
pyroxenes from the Red Hill rocks (tables 17, 22) is 
uniformly low, reflecting the low concentrations in the 
host rocks. The augite from the quartz dolerite (M210) 
contains about seven times the amount of Gr as the 
associated pigeonite, but the latter has a higher Pe° 
content than the augite; the reverse of what might be 
expected if Fe" camouflages Cr . it has been suggested 
by Rankama and Sahama (1950, 622) and Goldschmidt (1954-, 
54-7) that Gr may also be camouflaged by Al^. In the 
pigeonite from specimen (M210) the A1 content is less 
than half that in the associated augite, which is the 
relationship to be expected if the Cr- -Al^ diadochy occurs. 
With fractionation the Gr content of the pyroxenes de­
creases gradually (tables 1 7 , 22), and the ferroheden- 
bergite from the granophyre (M162) has a lower Gr concen­
tration than any of the other pyroxenes, except the 
pigeonite from the quartz dolerite (M210). The fayalite 
from specimen (M12) has a significantly higher Cr content 
than the associated pyroxene; the opposite to the findings 
of Wager and Mitchell (1951, 183) sind. Snyder (1959, 266).
In table 22 the contribution from the analyzed 
pyroxenes and olivine to the total Gr of the rock is 
calculated. In all cases the ferromagnesian minerals can
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only account for a small fraction of the Gr present. Some 
Or undoubtedly occurs in the iron oxide minerals, but it 
is usually present in concentrations comparable to that in 
pyroxene, so that this cannot account for the discrepancy. 
The only explanation that can be offerred is that chromite 
occurs in the rocks as an accessory mineral. However no 
chromite has been found, and generally it only occurs in 
more basic rocks, and as an early crystallizing phase.
TABLE 22.
Specimen Cr
ppm
Average
Cr
ppm
Wt. % of 
ferro- 
magnesian
Or contribu­
tion from 
ferro- 
magnesian
Gr content 
of host 
rock 
ppm
M210
Augite
M210
Pigeonite
54
5
20 25 5 26
M395Eerroaugite 26 26 16 4 15 !
Ml 2
Eerroaugite 25 25 9.5 2.2 18
M12
Fayalite 51 51 4.5 1.5
M162
Ferro-
hedenbergite
5 5 10.5 0.5 17
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(vi) Copper.
The concentration of Cu in the Red Hill intrusion 
shows a very well defined trend with differentiation (figs. 
55, 56). In the chilled contacts the Cu content is about 
80 ppm, and with fractionation increases steadily to a 
maximum of about twice this concentration in the acid 
dolerites, immediately below the fayalite granophyre. The 
concentration of Cu then decreases rapidly in the fayalite 
granophyre and granophyre to a value below 20 ppm in the 
most acid differentiates. The Cu content is a maximum 
in those rocks which have the highest proportion of plagio- 
clase and the greatest degree of enrichment in FeO.
For the Cu to be concentrated in the more acid 
dolerites, such as those exposed in the Red Hill intrusion, 
it is necessary that the early differentiates be deficient 
in Cu, as compared with the content in the initial magma.
In his study of the Mt. Wellington sill, Tiller (1959) 
found this to be the case; in the lower 500 feet of the 
sill, in the zone of accumulation of early pyroxenes 
(Edwards, 194-2), the Cu content of the rocks is somewhat 
smaller than that in the chilled contact, and above this 
level there is progressive enrichment in Cu in the more 
acid dolerites, attaining a maximum of some 140 ppm at 
the summit.
The behaviour of Cu in the Skaergaard intrusion 
(Wager and Mitchell, 1951) is very similar to that lound 
at Red Hill. In the early differentiates of Skaergaard
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the Cu content is appreciably lower than in the initial 
magma, and as a result the Gu built up in concentration 
in the residual magma; then in the latest differentiates 
- the acid granophyres - the Gu decreased to a very low 
value. In the Dillsburg diabase Hotz (1933) also found 
a steady increase in the Gu content from the chilled 
contact into the transitional granophyric diabase, followed 
by a decrease in concentration in the granophyre.
Rankama and Sahama (1950, 696) consider that the 
greater part of the Gu in igneous rocks occurs in sulphide 
minerals, but state that it is probable that small amounts
pof Cu may replace Fe in silicates and iron ores, if there
is not sufficient sulphur present to combine with the Gu.
However Wager and Mitchell (3.951) showed that because of
the similarity in ionic radii, appreciable amounts of Gu
can enter into the plagioclase, pyroxene, olivine and iron
ore structures, with the Gu being camouflaged by Na in
pplagioclase and by Fe“ in the ferromagnesian minerals and 
iron ores. They explained the build up in Cu in the 
residual liquids as being the result of the reluctance 
of the Gu to enter into the minerals forming, as compared 
with the Na and Fe2. Ringwood (1955, 196) reasons, on 
the basis of electronegativities, that the Gu^-O and 
Cu2-0 bonds would be much weaker than the Na-0 and 
Fe2-0 bonds respectively, and therefore the Gu would 
become concentrated in the later differentiates. Wager
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and Mitchell (1951, 190) suggested that the Gu would con­
tinue to build up in the residual magma, even though some 
would separate in the silicates and iron ores, until a 
concentration was attained when it would separate as 
chalcopyrite, causing a great diminution in Cu in the 
latest differentiates.
'filler (1959, 155) found that there was an increase
in Gu content of the plagioclase, pyroxene and iron ore
with fractionation in the Mt. Wellington sill. In the
Red Hill intrusion the pyroxenes (table 17) also show this
increase in Gu content with fractionation, but Cu decreases
in the pyroxene from the granophyres, in sympathy with the
trend in the host rocks. The pigeonite from the quartz
dolerite (M210) contains about three times as much Gu as
the coexisting augite (table 17), and this is strong evi-
2aence in favour of camouflage of Cu by Fe , since the pro- 
2portion of Fe in the pigeonite is much higher than in the 
augite. However in the fayalite granophyre (M12) the 
olivine has a slightly lower Gu content than the associated 
ferroaugite, even though the olivine has a far higher 
Fe/Mg ratio than the ferroaugite.
Calculations were made based on the measured Gu 
concentration of the pyroxenes, and the results of Tiller 
(1959) from Mt. Wellington for the Gu content of feldspars 
and iron oxide minerals, and in all cases it was impossible 
to account for even one half of the Gu occurring in the
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Red Hill rocks. The remainder is undoubtedly present in 
chalcopyrite, sporadic small grains of which have been 
found in several of the quartz dolerites from the Red Hill 
intrusion. The very marked decrease in Cu in the later 
differentiates is therefore probably the result of the 
separation of an immiscible sulphide phase (c.f. Wager and 
Mitchell, 1951, 190) in the zone of maximum Cu enrichment, 
which resulted in the residual magma, later to crystallize 
to form the granophyres, becoming impoverished in Cu.
(c) The Differentiation Trends in the Red Hill Intrusion.
Nineteen rocks have been analyzed from the Red Hill 
intrusion, and these have been presented in tables 2 - 5  
above. They are collected together in table 25, and the 
calculated norms are given in table 24. The analyses have 
been arranged approximately in their order of fractionation 
and crystallization, passing from the chilled contact 
dolerites into the quartz dolerites, fayalite granophyres 
and. granophyres. It has been previously noted that only 
the upper part of the Red Hill intrusion is exposed, so 
that all the rocks are more acid than the undifferentiated 
magma of the chilled margins. Dolerites corresponding to 
the lower magnesia-rich zone of the sills (Edwards, 194-2), 
and which are considerably more basic than the chilled 
contacts must, however, occur at depth, above the floor of 
the intrusion.
The differentiation of tholeiitic magma is controlled 
mainly by the fractional crystallization within two contrasted
TABLE 23.  Chemical a n a l y s e s  of  t h e  Red H i l l  r o c k s
C h i l l e d
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the early and middle stages the differentiation is dominated 
by fractionation in the mafic series, as shown by the rapid 
increase in the mafic index, and only a small increase in 
the felsic index. In the late stages the relationship is 
reversed; fractionation within the felsic series becoming 
dominant, and the mafic index only increasing very slowly. 
The trend in the Red Hill rocks is very similar to that of 
Skaergaard, but quite different from that of the calc- 
alkaline series, basalt-andesite-dacite-rhyolite (fig. 57)• 
Walker and Poldervaart (194-9» 652) divided the 
crystallization history of the Karroo dolerite into several 
stages on the basis of the mafic index. In the present 
instance the following arbitrary subdivisions have been 
made:
1. Early stage : mafic index 60
felsic index 25
2. Middle stage :
a. early middle stage : mafic index 60-80
felsic index 23-50
b. late middle stage : mafic index 80-90
felsic index 30-40
3- Late stage : mafic index 90-100
felsic index 40-75
The early stage includes the chilled marginal phases, 
representative of the undifferentiated magma,and the un­
exposed more basic differentiates, corresponding to, the 
lower magnesia-rich zone of the sills. The middle stage
Fc as
Percen tage S ilica
F i g .  58.
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of crystallization comprises all the quartz dolerites of 
the Red Hill area, and has teen further subdivided to 
separate the ’’normal” dolerites from the more acid ones, 
which are transitional to fayalite granophyre. The late 
stage includes the fayalite granophyres and granophyres.
In figs. 58, 59 and 60 the oxide percentage of 
each of the major constituents has been plotted against the 
percentage silica, the felsic index and mafic index 
respectively. Each diagram emphasizes certain parts of 
the differentiation history and minimizes other parts; 
they all suffer from the disadvantage that no indication 
is given of volumes or relative proportions of the differ­
entiates. Thus in the SiO^ , diagram it is only the late 
stages of fractionation which are adequately represented 
on the diagram, since in the early and middle stages the 
SiO^ content of the differentiates remains essentially 
constant; a featux'e noted by other workers (Krokström, 
1937; Wager and Deer, 1939; Poldervaart, 194-9)« The 
diagram using the felsic index as abcissae, emphasizes 
the late stages of fractionation, since the points from 
the early and middle stages are concentrated towards one 
side of the diagram, and is the result of the small change 
in the felsic index throughout much of the crystallization 
history, followed by the rapid increase in the index in 
the late stages. The mafic index variation diagram 
provides the most balanced representation of the differen­
tiation trends.
FELSIC INDEX No,Q+ KjO CoO+ NojO + KjO x IOO
Fig- 59
129.
SiO^ remains constant throughout the early and 
middle stages of fractionation, and then increases steadily 
in the late middle stage and late stage, in the most acid 
dolerites and the fayalite granophyres and granophyres. 
Al^O^ shows a maximum in the early middle stage (fig. 60), 
reflecting the high plagioclase content of the quartz 
dolerites, and then decreases steadily in the more acid 
dolerites and in the fayalite granophyres and granophyres.
MgO decreases markedly during fractionation from 
6.7% in the chilled marginal dolerite to about 0.5% in the 
granophyres. This is the behaviour normally found in 
differentiated basaltic magmas, and is the result of the 
crystallization and removal of Mg-rich olivine and/or 
pyroxene in the early stages. In the Red Hill intrusion 
the decrease in MgO can be ascribed entirely to the 
removal of early Mg-rich pyroxene from the upper part of 
the body, as there is no evidence that early Mg-rich 
olivine crystallized. CaO behaves in a similar manner to 
MgO, except that it remains constant until the late middle 
stage of fractionation, because of the high plagioclase 
content of the quartz dolerites, below the fayalite grano- 
phyre and granophyre.
The total iron, after remaining constant in the 
early and early middle stages, increases sharply to a 
strong maximum in the late middle stage of fractionation, 
and then decreases markedly in the late stage. FeO exhibits
MgO + F«0 + FcaOj
Fig. 60
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similar behaviour to that of total iron, but the decrease 
in the late stage of fractionation is even more pronounced. 
By contrast Fe^O^ increases steadily with fractionation, 
and this is probably the result of oxidation of FeO to 
Fe205, because of a build up of oxidizing materials, mainly 
water, in the residuum. The high iron content in the acid 
dolerites transitional, to fayalite granophyre, and corres­
ponding to the late middle stage of fractionation, is the 
result of iron enrichment in the rest magma brought about 
by the separation of relatively iron-poor early pyroxene, 
and the failure of iron ore to crystallize in appreciable 
quantities in the early stages. In the acid dolerites the 
pyroxenes have a relatively high iron content, and iron 
ore has separated in increasing amount, consequently 
causing a decrease in the iron content of the rest magma, 
which gave rise to the granophyre.
TiO^ follows FeO very closely, and shows the 
maximum in the late middle stage of fractionation, because 
of the increased amount of iron ore precipitated at this 
time.
Both K^O and Na^O increase steadily with fractiona­
tion; K^O however increasing at a more rapid rate than 
NapO. This is the relationship expected, and found, in 
the fractionation of basaltic magma (Bowen, 1928, chapter 
VII), as some Fa^O is included in the plagioclase feldspar, 
whereas KpO is continuously enriched in the rest magma,
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because it does not enter into the early crystallizing 
pyroxene or plagioclase, except in very minor amounts.
No significant variation with fractionation is 
apparent in the content of MnO and
(d) Iron Enrichment Versus Silica and Alkali Enrichment.
Bowen (1928) contended that crystallization 
differentiation of basaltic magma would yield residual 
liquids progressively enriched in silica and alkalies; 
the result of strong fractionation within the felsic 
series. Walker (1935)* Vincent (1950) and Elliott (1956) 
have analyzed the residual interstitial glass from several 
thcleiites, and, in each case, the glass is enriched in 
silica and alkalies and impoverished in iron, relative to 
the host rock, lending support to Bowen's ideas. However 
Fenner (1929; 1931» 1938) advocated that fractionation
of basaltic magma normally leads to iron enrichment in 
the rest magma, and not to enrichment in the felsic com­
ponents. In the Skaergaard intrusion (Wager and Deer,
1939) strong absolute enrichment in iron, brought about 
by fractionation in the ferromagnesian series, continued 
until about 95% of the magma had crystallized, in agreement 
with Fenner's views. Only in the latest stages of crystal­
lization did the trend change, and then markedly, to 
produce enrichment in silica and alkalies, and impoverish­
ment in iron. It has been since demonstrated by many 
workers (e.g. Edwards, 194-2; Walker and Foldervaart, 194-9;
FcO
K |0+ NojO
CALC-ALKALME SERIES
F i g .  6 1 .
F i g .  6 2 .
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Hotz, 1933) that the normal trend in the differentiation 
of tholeiitic magma is for moderate, rather than strong, 
enrichment in iron in the early and middle stages of 
fractionation, followed by enrichment in alkalies and 
silica in the later stages .
A triangular diagram with MgO, FeO and (NapO+KpO) 
as variables has been used extensively to portray the 
trenas of differentiation of basaltic magma (Wager and 
Deer, 1939; Walker and Poldervaart, 194-9), and fig. 61 
is such a diagram with the Red Hill analyses plotted. In 
the fayalite granophyre and granophyre the Fe^O^ content 
is appreciable, and therefore a similar diagram has been 
constructed using total iron (calculated as FeO) as one 
of the variables instead of FeO (fig. 62). Both diagrams 
show that in the early and middle stages of fractionation 
the trend is towards iron enrichment with, however, slight 
enrichment in alkalies, followed in the late stages by a 
marked change towards enrichment in alkalies and impover­
ishment in iron. That this is the result of strong 
fractionation in the mafic series during the main period 
of crystallization, followed by pronounced fractionation 
in the felsic series has been demonstrated above (fig. 37)*
In fig. 63, in addition to the Red Hill rocks, all 
available analyses (70) of Tasmanian dolerites have been 
plotted on the triangular diagram. The differentiation 
trend of the dolerites, as a whole, follows closely that
F «0
KaO +  Nq30
—  iKACACAARO
-O C A L C -A L K A U N E  U H E I
F ig .  6 5 .
K2O+ Na2 O
FcO
F ig .  64 .
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observed in the middle stages of fractionation within the 
Red Hill intrusion, that is, the iron enrichment trend; 
hut no rocks exhibiting the strong alkali enrichment have 
previously been recorded from the Tasmanian dolerites. 
Edwards (194-2, 604) however noted the tendency towards 
enrichment in the felsic constituents, and suggested that 
if the differentiation had proceeded further it would give 
rise to a feldspathic granophyre. The diagram (fig. 63) 
shows that the Red Hill magma is slightly richer in alkalies 
than the majority of other Tasmanian dolerites at a com­
parable stage of fractionation. The concentration of 
analyses towards the MgO corner of the diagram, with respect 
to the undifferentiated magma, correspond to dolerites from 
the lower MgO-rich zone of the sheets, which is not exposed 
in the Red Hill intrusion.
Edwards (1942) recognized the moderate absolute 
enrichment in iron and the very strong enrichment in iron 
relative to magnesia in the Tasmanian dolerites, and, 
furthermore, he states that ’This trend ... is so 
characteristic of basalts in general that it may be re­
garded as the normal trend in the differentiation of 
basaltic magmas'.
Eor comparison the Skaergaard trend has been plotted 
in several of the diagrams, together with Daly's averages 
for the calc-alkaline series. The differentiation trend 
followed by the Tasmanian dolerites is similar to that of
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Skaergaard, but the enrichment in iron is far less marked, 
whereas the Tasmanian trend differs considerably from the 
calc-alkaline liquid line of descent. The trend of 
differentiation of the Karroo dolerites (Walker and Polder- 
vaart, 1949, 656-661, and fig. 27) closely resembles that 
of the Tasmanian dolerites. Similar differentiation trends 
are found in the Palisade sill, the Siberian traps, and, 
to a lesser extent, the Palaeozoic quartz dolerites and 
tholeiites of Scotland and northern England (c.f. Walker 
and Poldervaart, 1949, 656-661). Kuno (1955, 1957) shows 
that the trend of differentiation of tholeiitic basalt 
magma in the Hawaiian province, and in the pigeonitic rocks 
series of Japan, is also for initial moderate enrichment 
in iron, followed by enrichment in alkalies and silica.
Fig. 64 compares the trend exhibited in the Dillsburg 
intrusion (Hotz, 1955) with the Red Hill trend; the close 
similarity between the differentiation trends in the two 
intrusions is most striking.
The differentiation trend in alkali olivine basalt 
in some cases is also for initial enrichment in iron 
followed by enrichment in alkalies (Nockolds and Allen, 
1954; Wilkinson, 1958).
Thus in the crystallization of basaltic magipa, 
fractionation within the ferromagnesian mineral series 
normally is dominant in the early and middle stages, 
causing enrichment in iron in the rest magipa, followed by
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strong fractionation in the felsic series in the later part 
of the crystallization history, leading to pronounced 
enrichment in alkalies and silica. The degree of iron 
enrichment varies widely, from the extreme case exemplified 
"by the Skaergaard intrusion, to the mete moderate enrichment 
found in the Tasmanian, Karroo and Palisadan provinces, 
to the weak iron enrichment in the Palaeozoic quartz 
dolerites and tholeiites of Scotland and northern England. 
This is the result of different degrees of fractionation 
of the magma (Tilley, 1950, 47) which may, in part, be 
controlled by the partial pressure of oxygen during 
crystallization (Kennedy, 1948; 1955; Osborn, 1959)»
(e) Comparison of the Differentiation in the Red Hill 
Dyke with that in Dolerites Elsewhere in Tasmania.
As noted above, the differentiation in the Red Hill 
Dyke is similar to, but more extreme than, that previously 
found elsewhere in other dolerite intrusions of Tasmania.
The most acid dolerites reported by Edwards (1942) 
are from the summit of Mt. Wellington and the upper part of 
the M t . Nelson sill. The analyses of the two highest rocks 
from the Mt. Wellington sheet correspond closely to the 
quartz dolerites (M393» M395)> transitional to fayalite 
granophyre, in the Red Hill Dyke (table 25)» However the 
Mt. Wellington rocks, and the closely comparable dolerites 
from Mt. Nelson, are slightly richer in A^O^, because of 
a higher plagioclase content, and a little lower in iron,
TABLE 25.
M393 1 2 5 M395
SiOp 5 4 .2 6 55.50 5 7 .0 5 5 6 .3 0 5 5 .0 8
Ti0 2 2.00 1 .1 4 0 .7 5 1 .0 6 1 .5 2
1 4 .4 7 1 7 .6 3 1 6 .9 5 1 6 .4 2 1 5 .2 6
1 .2 3 0 .0 5 2 .6 0 1 .6 9 5 .4 3
FeO 1 1 .1 4 9 .9 4 8 .6 4 8 .2 8 9 .0 6
MnO 0 .1 8 0 .3 3 0 .1 0 0 .1 6 0 .1 6
MgO 2 .4 1 2 .3 5 1 .7 7 1 .9 3 C\J00•1—1
OaO 8 .3 5 8.70 8 .6 0 8 .5 0 7 .6 4
Na20 2 .1 8 2 .1 7 2 .0 9 2 .3 6 2 .2 9
k 20 1 .7 0 1 .4 0 1 .5 6 1 .5 2 1 .8 4
P2°5 0 .2 4 tr 0 .1 0 0 .2 0 0 .1 9
H P ° + 1 .3 4 0 .1 8 0.12 0 .7 8 1 .4 2
h 2 ° - 0 .5 0 O.34 0 .2 4 1 .1 4 0 .5 0
1 0 0 .0 0 9 9 .7 3 1 0 0 .5 7 1 0 0 .3 4 1 0 0 .2 1
M395« Acid quartz dolerite, O'Brien's Hill. Quoted from 
table 3 above.
1. Quartz dolerite, 150 feet below summit of Mt. Welling­
ton. Analysis 9, table 4, Edwards (1942, 467).
2. "Dioritic stage”, summit of Mt. Wellington. Analysis 
10, table 4, Edwards (1942, 46?).
3. Acid quartz dolerite, 200 feet below collar of DDH 5123,
in the Great Lake North sheet, and approximately 1250 feet 
above the lower contact. Analyst: Avery and Anderson.
M395* Acid quartz dolerite, O'Brien's Hill. Quoted from 
table 3 above.
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indicating stronger iron enrichment in the Red Hill Dyke 
at approximately the same stage of fractionation.
A hole "being drilled at the present time through 
the Great Lake North sheet of approximately 1400 feet 
thickness, in central Tasmania, commenced in fayalite 
granophyre and then passed gradationally into acid quartz 
dolerite. This quartz dolerite (analysis 3? table 25) is 
very similar in composition to the quartz dolerites (1393, 
M395) and the Mt. Wellington dolerites listed in table 25. 
The analysis of a fayalite granophyre from this hole com­
pares closely with the fayalite granophyres (M223, M12) 
from the Red Hill Dyke (table 26). However it has a higher 
iron content than either (1223) or (M12) and the quartz 
dolerite below it, but the proportion of iron is comparable 
to that found in the most iron enriched rocks of the Red 
Hill Dyke, the acid quartz dolerites (M393, 1595), immed­
iately below the fayalite granophyre (M223) on O'Brien's 
Hill. The Al^O^ content of the fayalite granophyre from 
the Great Lake North sheet has decreased markedly compared 
with the analyzed quartz dolerite below it, and is typical 
of the more acid granophyres of the Red Hill intrusion.
Thus except for a slight difference in the stage at which 
the maximum iron enrichment is attained, and the more rapid 
decrease in Al^ O^ ,, in the rocks of the Great Lake sheet, 
the differentiation trend is very similar to that found 
in the Red Hill Dyke.
TABLE 26.
M2 2 3 1 Ml 2 M32 2 M19
SiOp 57.70 60.39 60.37 63.80 63.48 63.22
Ti°2 1.43 1.20 1.13 1.21 0.96 1.08
1 a i2o ^ 15.16 11.42 13.77 II.92 11.27 10.92
5.76 5.03 2.00 3.86 6.48 7.89
FeO 7.54 9.13 8.20 7.03 4.85 3.77
MnO 0.20 0.17 0.17 0.10 0.15 0.14
i  MgO 1.20 1.14 0.83 0.59 0.74 0 • 66
OaO 6.56 5.26 6.14 4.24 3.82 3.44
Na20 2.65 2.36 2.82 2.74 2.68 2.80
k 20 1.82 2.36 2.42 3.12 2.70 2.88
p2°5 0.21 0.34 0.33 0.27 0.40 0.64
Ho0+
c. 1.87 1.50 1.26 0.94 1.83 1.23
h 20- 0.32 2.08 0.52 0.76 0.77 1.08
100.42 100.38
--------
99-96 100.58 100.13 99.75
M223• Fayalite granophyre, O'Brien's Hill. Quoted from 
table 4 above.
1. Fayalite granophyre, 50 feet below collar of DDH 5123
in the Great Lake North sheet, and approximately 1400 feet 
above the lower contact. Analyst: Avery and Anderson.
M12. Fayalite granophyre, Red Hill. Quoted from table 4 
above.
M32. Fayalite granophyre, Hickman's Hill. Quoted from 
table 4 above.
2. Granophyre from dolerite intrusion near Gretna, Tasmania.
Analyst: Avery and Anderson.
M19. Granophyre from summit of Red Hill. Quoted from 
table 5 above.
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Anandalwar (M. Sc. thesis; University of Tasmania) 
reports the presence of granophyre associated with dolerite, 
in tne upper part of a large intrusive sheet, near Gretna, 
some 30 miles northwest of Hohart. The analysis of a 
granophyre from this locality is listed in table 26 
(analysis 2), where it is compared with the granophyres 
(M32, M19) from the Red Hill area. An almost perfect 
match between the analyses is apparent.
The fact that differentiation has produced strikingly 
similar rock types in both the sheet-like bodies and the 
Red Hill Dyke is very strong evidence that the mechanism 
of differentiation was the same in both types of intrusions.
Gunning's Sugarloaf, near Campania, in southeastern 
Tasmania, is a dyke-like intrusion, and appears to be 
similar to the Red Kill Dyke. Edwards (p476) has analyzed 
a number of specimens from this intrusion, and the two 
analyses of dolerites from near the summit of Gunning's 
Sugarloaf, approximately in the centre of the dyke, can be 
matched almost exactly with the dolerites (M210, M221), 
from the lowest exposed and central parts of the Red Hill 
Dyke (table 27). It is suggested, by analogy with the 
latter body, that the differentiation within the Gunning's 
Sugarloaf Dyke gave rise to granophyre, which has subse­
quently been removed by erosion. The variation in compo­
sition across Gunning's Sugarloaf is so closely matched 
by a similar traverse across the Red Hill Dyke, at the
TABLE 27
M210 1 2 M2 21
Si°2 53.95 54.10 54.74 53.83
Ti°2 0.80 0.82 0.66 1.03
Al^O^ 18.88 18.49 19.56 17.55
Fe2^3 1.38 0.91 0.27 1.69
FeO 7.31 8.22 8.13 8.00
MnO 0.17 0.18 0.15 0.15
MgO 3.09 3.29 2.34 2.56
GaO 10.32 11.20 10.98 9.58
Na20 2.09 1.69 2.15 2.18
k 2o 0.95 1.25 1.47 1.62
P2°5 0.16 0.01 0.05 0.26
h20+ 1.21 0.05 0.23 1.18
H2°- 0.20 0.34 0.31 0.24
100.49 100.55 [101. of] 99.87
M210. Quartz dolerite, centre of Red Hill Dyke, Snug 
River. Quoted from table 3 above.
1. 'Quartz dolerite, 250 feet below summit of Gunning's 
Sugarloaf. Analysis 6, table 7?
2. Quartz dolerite, summit of Gunning's Sugarloaf. 
Analysis 7, table 7i Edwards (1942, 476).
M221. Quartz dolerite, centre of Red Hill Dyke, O'Brien's 
Hill and 270 feet above M210. Quoted from table 3 above.
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level of Snug River and some 1000 feet below the summit of 
Red Hill, to leave no doubt that the differentiation 
processes operating in the two cases were identical.
Edwards (p.603) considered that the differentiation 
trend within the sills differed from that in the dykes, and 
he explained this as being a consequence of the different 
forms of the intrusions; the sheets being closed chambers, 
and the dyke-like bodies, subjacent chambers which ’have 
no visible floor and extend downward to some unknown limit' 
(p.603)» It has been demonstrated above that the Red Hill 
Dyke appears to be a large dyke-like protruberance arising 
out of the top Qf a dolerite sheet, which is almost certain­
ly floored, and therefore the intrusion should be considered 
as a closed chamber also.
Edwards (p.603) noted that in the sheets the 
absolute enrichment in iron is accompanied by impoverishment 
in Al->0^  and Na^O, whereas in the Gunning's Sugarloaf dyke- 
like intrusion he found slight impoverishment in iron and 
enrichment in Al0Ch. Examination of Edwards' tables 4 and 
3 and figs. 8 and 9 shows that there is enrichment, rather 
than impoverishment, In NapO and AlpO^, in the upper parts 
of the sills, followed by a slight decrease in Al.^ 0^  in the 
most acid differentiates. The differentiation in the 
Gunning's Sugarloaf intrusion has been shown to be closely 
comparable to that in the lowest exposed parts of the Red 
Hill Dyke. Above this level in the latter intrusion strong
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absolute iron enrichment, and a steady decrease in Alo0^, 
is found - trends which Edwards considers are typical of 
the sill rather than the dyke. The evidence from the Red 
Hill Dyke therefore shows conclusively that the differen­
tiation trend within both the sheets and dyke-like bodies 
is very similar, and the postulated difference in trend 
surested by Edwards cannot be sustained. The study of 
the Red Hill Dyke breaches the gap between the apparent 
different differentiation trends found by Edwards in the 
sills and dykes, and it may be noted that the conclusions 
arrived at by him were entirely reasonable on the available 
data.
Therefore both the sheets and dyke-like intrusions 
can be considered as closed chambers; the only real differ­
ence apparent is that the dykes have a somewhat greater 
vertical extent than the thickness of the sheets, and 
because of the greater column of dolerite and slower cool­
ing in the dykes, the differentiation has given rise to 
more extreme products than in the sills, in most cases.
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(f) The Mechanism of Differentiation.
Fractional crystallization and gravity separation 
were the mao or factors responsible for the differentiation 
of the Tasmanian dolerite. During the main period of 
crystallization two series of minerals, the pyroxenes and 
plagioclases, separated together. The early pyroxenes 
were MgO-rich varieties, and because of their high density 
relative to the enclosing liquid, they settled under 
gravity, and collected above the base of the intrusions 
(Edwards, 194-2). The crystallization and sinking of these 
early pyroxenes resulted in the rest-magma becoming very 
strongly enriched in FeO relative to MgO, together with an 
absolute enricnment in iron. This rest-magma was continually 
displaced upwards by the sinking of the pyroxenes, to collect 
in the upper parts of the intrusions. Because of the chang­
ing composition of the residual liquid the later pyroxenes 
themselves became progressively more iron-rich, and in the 
latest differentiates, as found in the Red Hill intrusion, 
the pyroxene attained the composition of ferrohedenbergite, 
as practically all the MgO had been removed from the liquid 
by the earlier pyroxenes. The crystallization of pyroxene 
also enriched the residual liquid in Si 0 2 > as the analyses 
show that the pyroxene was somewhat poorer in SiÜ2  than the 
undifferentiated magma.
Plagioclase separated simultaneously with pyroxene 
during the greater part of the crystallization of the
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dolerite magma, and in the early and middle stages it was 
of labradoritic composition. The crystallization of this 
CaO-rich plagioclase brought about enrichment of alkalies, 
particularly potash, in the remaining liquid. Slight 
enrichment of SiOP in the residuum also resulted from the 
separation of the plagioclase. GaO was impoverished in the 
rest-magma, because of its relatively high content in both 
plagioclase and pyroxene. The crystallization of labrador- 
ite, which contains about $0% A^O^, produced some impover­
ishment in AlpO^ in the residual liquid. Again, because 
of the changing composition of the remaining liquid as 
crystallization proceeded, the plagioclase separating pro­
gressively became more sodic. Usually this gradual change 
can be observed in a single rock, as the basic plagioclase 
is commonly rimmed by plagioclase of andesine composition.
Some settling of plagioclase undoubtedly took place 
with pyroxene, as plagioclase laths are commonly sub- 
ophitically intergrown with this mineral. At the level of 
the Snug River, in the central parts of the Red Hill Dyke, 
the high A^O^ concentration in the quartz doberites (M20% 
M210, M221), and their high modal content of plagioclase, 
indicates that this is a plagioclase-rich zone. A similar 
enrichment in plagioclase is found in the Gunning's Sugar- 
loaf dyke and the Mt. Wellington sill (Edwards, 1942), but 
in the sills it is not as strongly developed as in the 
dykes. This concentration of plagioclase is partly the
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result of the sinking of pyroxenes out of this zone, but 
appears also to be brought about partly by settling of 
plagioclase from higher levels, even though it is probable 
that the crystals and liquid would differ only slightly 
in density.
As the residuum was progressively displaced up­
wards both pyroxene and plagioclase separated continuously, 
the pyroxene becoming more iron-rich., and the plagioclase 
more sodic. Thus in the higher parts of the intrusions, 
where the liquid was much enriched in iron, ferroaugite 
and iron-rich pigeonite were the pyroxene phases separating 
Eventually the limit of the two-pyroxene field was attained 
and the iron-rich pigeonite ceased to crystallize, and at 
about this level the iron concentration was so great that 
a fayalitic olivine began to crystallize, along with the 
ferroaugite and plagioclase. Considerable iron ore was 
also precipitated, and the magma at this stage was enriched 
to such an extent in SiO^ and alkalies that quartz and 
alkali feldspar became the dominant constituents. The 
separation of iron in pyroxene, fayalite and the oxide 
minerals, brought about a reduction in the concentration, 
so that the latest differentiates had a lower iron content. 
The final residuum, which had collected below the already 
solidified upper zone of the intrusion, crystallized to 
give granophyre, consisting of ferrohedenbergite, a sodic 
plagioclase, much iron ore and very abundant quartz and 
alkali feldspar.
143.
The residuum, enriched in volatiles (mainly water), 
and in alkalies would be expected to have a low viscosity.
An appreciable vapour pressure would be exerted by the 
volatiles, resulting in the tendency to migrate to regions 
of lowest pressure. The volatiles may escape through cracks 
and fractures into the country rock from the upper parts of 
the intrusion, thus lowering the pressure in such regions.
It is therefore suggested that in the upper parts of the 
intrusion there would exist a low pressure zone towards which 
the low viscosity, volatile enriched, residuum would tend to 
migrate. If the pressure were lowered sufficiently, by 
escape of volatiles into the country rock, the volatiles in 
the residuum may form bubbles which would stream towards 
the low pressure region, carrying the rest-magma with them. 
Thus it seems possible that the acid residuum has moved 
independantly, as well as by upward displacement brought 
about by the settling of crystals.
The acid residuum was never completely separated 
from the early crystallized plagioclase and pyroxene. Some 
of this rest-magma was entrapped in the crystal mush and 
crystallized, on cooling, to produce amphibole, which 
commonly mantles pyroxene in the quartz dolerites and 
fayalite granophyres, iron ore, and the quartz and alkali 
feldspar of the interse.rtal mesostasis. The volume of the 
interstitial acid residuum increases progressively upwards 
in the intrusions, assuming a dominant role in the most
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acid dolerites and in the fayalite granophyres. There is 
no evidence from within the rocks themselves to suggest that 
the residuum was forced to the higher parts of the intrusion 
by any kind of filter-pressing mechanism; rather the re­
lationships indicate that the rest-magma was displaced 
upwards by the sinking of crystals, and possibly also by 
independant upward migration, because of its high liquidity, 
relatively low density, and considerable vapour pressure as 
a result of the high volatile concentration.
In the quartz dolerites and fayalite granophyres 
the acid residuum has attacked the plagioclase, and partially 
replaced it by a more sodic variety. Also the pyroxenes are 
commonly slightly altered, and this is thought to have 
occurred in the hydrothermal stage, Just before final 
solidification. Zeolite and prehnite are also probably 
attributable to this final stage when the remaining small 
volume of liquid would be much enriched in water and other 
volatiles.
The pegmatitic dolerites, which occur in small 
volume in most intrusions, are usually found only in a zone 
within a few hundred feet of the contacts of the intrusions. 
These coarse grained dolerites are more strongly differen­
tiated than the enclosing dolerite, being enriched in iron 
and alkalies (Edwards, 194-2, 478), but are not nearly as 
strongly fractionated as the later differentiates in the 
sheets or dykes, as they are characterized by a moderately
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high MgO content. It is considered that these pegmatites 
have crystallized from liquid injected into solidified 
dolerite from differentiated magma further from the con­
tacts. This magma, being somewhat enriched in volatiles, 
then crystallized to produce a dolerite of considerably 
coarser grain size than the surrounding rocks. It appears 
that the magma was injected into contraction joints in the 
solidified rock, and is probably connected with the fact 
that such joints would be regions of low pressure, into 
which magma could readily migrate.
Thus the differentiation of the dolerites of 
Tasmania is considered to have taken place by a process 
of fractional crystallization, with the settling of early 
formed crystals, particularly pyroxenes, under gravity, 
and the displacement, and also perhaps independant move­
ment, of the rest-magma upwards. This is essentially the 
mechanism subscribed to by Edwards for the differentiation 
of the Tasmanian dolerites. However Jaeger and Joplin 
(1955, 16) proposed a mechanism by which, instead of the 
settling of single crystals, blocks of a mush of interlaced 
crystals and residual liquid might break off and fall.
This mechanism was suggested mainly by the magnetic results, 
from a bore core through portion of a sill, which seemed 
to indicate the existence of fairly homogeneous blocks 
separated by small regions with different properties.
They suggested, further, that single crystals of pyroxene,
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falling through superheated magma, would he rapidly 
dissolved into the magma 'whereas larger blocks would not.
Walker (1956) in discussion of this paper pointed 
out that the presence of microphenocrysts of orthopyroxene 
in the chilled contacts shows that the magma was super­
cooled at the time of intrusion and that therefore absorp­
tion of pyroxene crystals, into the magma, could not take 
place. Hess (1956) records that in the Palisadan chilled 
dolerite contacts there is evidence of resorption of the 
phenocrysts of pyroxene, suggesting that the magma had some 
superheat, but in the Tasmanian chilled contacts there is 
no evidence of this being the case. Hess also pointed out 
a confusion in the use of terms by Jaeger and Joplin (1955) 
who spoke of the absorption of pyroxene in a superheated 
magma as "melting", implying a rapid process, while it is 
in fact a diffusion process, which might be too slow to 
proceed to completion during the time of fall of a crystal.
Both Walker and Hess argue that the field and petro­
graphic evidence do not support the hypothesis proposed by 
Jaeger and Joplin, since the dolerites appear to be very 
homogeneous. In an attempt to overcome this difficulty 
Joplin (1957, 140) suggested that the large blocks, as they 
sank, may fragment, so that the final effect would be a 
shower of crystals and crystal aggregates, rather than the 
preservation of large blocks. Joplin (195/» 141) also 
points out that the subophitic to ophibio fabric, which
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is so well developed, precludes the settling of individual 
pyroxene crystals; they must have had some plagioclase 
included in them.
Walker (1956) reiterates his support for a crystal 
settling mechanism, hut, by way of contrast, Hess would 
appeal to a form of convective circulation to account for 
the differentiation. Hess proposed that the liquid in 
contact with the crystals forming above the chilled base 
was being continually removed by convection currents and 
replaced by fresh liquid from above, and from which another 
layer of early crystals separated. This mechanism very 
probably could produce the observed variation, but as the 
currents would undoubtedly conform to a pattern and be 
directional, it is strange that a distinct fabric is not 
observed in the dolerites, though this may be possible if 
the movement were very slow. Hess (1956, 449) uses a 
similar argument as evidence that, in dolerite bodies, 
the differentiation could not have been brought about by 
crystal settling. Convection is likely to occur only in 
the upper half of an intrusion, because in the lower part 
the temperature gradient is in the wrong direction to 
allow convective circulation, as a result of cooling from 
the lower contact. Convection currents could therefore 
carry crystals downwards from the cooling upper zone, but 
would necessarily have to turn upwards at approximately 
the centre of the intrusion, or qust below, depositing the
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transported crystals at this level. Some crystal settling 
would then have to take place to produce the observed 
variation in a dolerite intrusion. Undoubtedly what is 
required is a theoretical study of the possibility of con­
vection in a cooling intrusive sheet, based upon reasonable 
assumptions as to the values of the various parameters. A 
step in this direction has recently been made by Shimazu 
(1959 a, b).
The Tasmanian dolerites, as a whole, are very homo­
geneous, except for the rather small volume of pegmatitic 
material in schlieren and veins. The passage from dolerite 
into granophyre in the Red Hill Dyke, and in the Great Lake 
Sheet, is completely gradational. The lack of internal, 
structures indicative of convection, or the settling of 
large blocks, strongly suggests that fractional crystalliza­
tion with crystal settling under gravity was the main 
mechanism whereby differentiation took place. The observed 
variation in composition can be adequately explained in 
terms of this process, but, in addition, it seems possible 
that the acid residuum, while still liquid, may have 
independently migrated upwards to accumulate beneath the 
chilled roof of the intrusions.
(g) Volume Considerations.
Although the field, petrographic and chemical data 
are consistent; with the origin of the granophyre by differ­
entiation of the dolerite, the very large volume of acid
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differentiates occurring in the Red Hill Dyke must be 
explained.
On O'Brien's Hill fayalite granophyre crops out 
over a vertical height of about 200 feet, and at Red Hill 
over approximately 250 feet. The granophyre, into which 
fayalite granophyre gradationally merges, occupies the top 
50 feet of O'Brien's Hill, and on Red Hill the top 500 feet. 
The column of dolerite magma available for differentiation, 
according to the structural interpretation, is approximately 
2,500 feet.
It is generally believed that the volume of acid 
material that can be derived by differentiation of basaltic 
magma is of the order of 5% to 10% by volume. Nockolds 
(1956) concludes that the dolerite magma of the Whin Sill, 
under favourable conditions, could give rise to at least 
15% of acid residuum by differentiation. Grout (1926) 
commencing from Daly's average basalt made calculations as 
to the volumes of the various differentiates likely to form, 
and arrived at the following figures:
Olivine gabbro, gabbro and minor segregations 80%
diorite 10%
quartz monzonite 5%
granite 5%*
Similar calculations have been made on the undiffer­
entiated magma of the Red Hill intrusion. In table 28 is 
listed the average of the two analyses of chilled dolerite,
TABLE 28.
1 2 3 4 3A 4A
Si02 54.28 61.68 51.32 52.50 qz - 5.22
Ti°2 0.70 1.05 0.56 0.60 or 2.78 3.89
AlpO^ 15.11 14.48 15.36 13.39 ab 12.58 6.81
Fe2°3 0.62 1.72 0.18 0.90 an 33.92 30.86
EeO 8.61 8.31 8.73 8.72 wo 11.37 12.53
MnO 0.14 0.16 0.13 0.21 en 22.60 22.70
MgO 6.73 0.82 9.09 9.16 fs 15.05 14.52
CaO 10.71 6.27 12.49 12.25 mt 0.23 1.39
Nap0 1.88 2.76 1.53 0.80 il 1.06 1.22
KpO 1.04 2.41 0.49 0.70 ap 0.34 -
±2°5 0.18 0.34- 0.12 tr HpO 0.69
h2o+ 0.21
HpO- 0.48
1. Average undifferentiated chilled dolerite from the Red 
Hill area recalculated anhydrous to 100%.
2. Average fayalite granophyre from Red Hill from the 
analyses of specimens (M384) and (M12). Recalculated to 
100% on a water free basis.
3. Composition of material to be subtracted from the un­
differentiated dolerite magma to give the fayalite grano­
phyre, assuming parts of the original magma gave rise 
to one part of fayalite granophyre.
4. Analysis 3 of Edwards (1942, 467). Magnesia-rich 
dolerite 273 feet above lower contact of the Mt. Wellington 
sill.
3A. Norm of analysis 3*
4A. Norm of analysis 4.
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together with the average of two fayalite granophyres. In 
column 5 is given the composition of the material which 
must he subtracted from the original magma to produce the 
fayalite granophyre. It has been calculated by a simple 
straight line variation method, and is the most basic 
material that can be subtracted, without olivine appearing 
in the norm. Thus the maximum amount of fayalite grano­
phyre that can be derived from the undifferentiated magma 
is 29°/o by weight, which would correspond closely with 
volume percentage. The composition of the subtracted 
material is compared with a dolerite (analysis 4, table 
28), occurring in the lower MgO-rich zone of the Mt. 
Wellington sill (Edwards, 1942), and which is considered 
to have been produced by accumulation of pyroxene and 
some plagioclase from higher parts of the intrusion. The 
two analyses are very similar to one another; thus the 
material which theoretically must be removed from the 
original magma to produce fayalite granophyre, is almost 
exactly matched by an actual dolerite found in the lower 
part of another dolerite intrusion. This provides very 
strong support for the hypothesis that the fayalite 
granophyre is derived by fractional crystallization of the 
dolerite magma, with sinking of crystal phases.
Commencing from fayalite granophyre it is similarly 
found (table 29) that this can give rise to approximately 
29% by volume of granophyre, which corresponds to about 
8% by volume of the original dolerite magma. The
TABLE 29.
1 2 3 4
Si02 61.68 67.18 59.48 57.7O
Ti°2 1.05 1.02 1.06 1.43
A1?0^ 14.48 11.78 15.56 15.16
Fe20j 1.72 6.02 - 3.76
EeO 8.31 3.89 10.08 7.54-
MnO 0.16 0.13 0.17 0 .20
MgO 0.82 0.45 0.97 1.20
CaO 6.27 3.21 7.4-9 6 .56
Ha20 2.76 2.78 2.75 2.65
K?0 2.41 3.19 2 .10 1.82
P2 ° 5 O .34 0.35 O.34- 0.21
H2°+ 1.87
HpO-
! _ _ _ _
0.32
1. Average fayalite granophyre.
2. Average granophyre, the average of the analyses of 
specimens (M162),(M8), (M19) and (M176) recalculated 100% 
on a water free basis.
3 . Composition of material to be subtracted from the 
fayalite granophyre to produce granophyre, assuming that 
3-J- parts of the fayalite granophyre gave rise to one part 
granophyre.
4. Analysis of fayalite granophyre (M223) from O'Brien's
Hill.
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subtracted material necessary to produce granophyre from 
fayalite granophyre liquid is listed in table 29, analysis 
3, which is compared with a more basic fayalite granophyre 
(M223), from O'Brien’s Hill. Again the similarity between 
the two analyses suggests that the granophyre could have 
arisen by fractional crystallization of the magma. The 
calculation of the composition of the material to be sub­
tracted from the fayalite granophyre liquid, to leave a 
liquid of granophyre composition, was controlled by the 
relatively low Fe^O^ content of the fayalite granophyre 
and the high content of the granophyre. It has been
assumed in the calculations that the Fe^O^ in the granophyre 
has been produced by simple fractional crystallization, 
but it is very likely that much of the Fe^O^ has arisen 
by oxidation of FeO. The high Fe^ O-^  ratio in the grano- 
phyres may also be the result, in part, of oxidation by 
weathering, since specimens (M8, M19, Ml76) are slightly 
weathered. Therefore the fayalite granophyre liquid 
probably could give rise to a considerably greater volume 
of granophyre than the calculations indicate.
The calculations show that the following approxi­
mate volumes of the various rock types could form by 
differentiation of the dolerite magma :
quartz dolerite
fayalite granophyre 
granophyre
71%
21%
8%
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Therefore in an intrusion with a column of magma 2,500 
feet in height the maximum thicknesses that can be derived 
from the aolerite are approximately:
quartz dolerite 1800 feet
favalite granophyre 500 feet
granophyre 200 feet
On Red Hill approximately 250 feet of fayalite 
granophyre occurs, ana some 500 feet of granophyre. The 
amount of fayalite present is about half that which could 
be theoretically formed, whereas the volume of granophyre 
is over twice the amount that the calculations indicate 
could be produced. However the volume of granophyre may 
be increased at the expense of the fayalite granophyre, 
if oxidation of ferrous to ferric iron took place in the 
residual liquid. The granophyre could be increased to 
350 feet and fayalite granophyre decreased to 350 feet, 
without the material to be subtracted being of unreasonable 
composition. Even by making these assumptions the volume 
of granophyre actually observed on Red Hill is apparently 
in excess of that which might reasonably be expected from 
the differentiation of the dolerite. Also the calcula­
tions give the maximum amounts of the acid differentiates 
that could be derived, and it is unlikely that the process 
of separation of the residuum from the crystal mush would 
be complete. Therefore the volume discrepancy is probably 
greater than the calculations indicate.
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Several alternatives suggest themselves to explain 
the relatively large volume of granophyre occurring in the 
Red Hill Dyke :
1. A.n acid magma of granophyre composition was 
simultaneously intruded with the dolerite.
2. Some of the granophyre has "been produced by meta­
somatism of the sedimentary roof rocks of the intrusion.
3. The column of dolerite that differentiated was 
greater than the 2,300 feet suggested on structural 
ground s.
4. Migration of acid residuum from the underlying 
sheet into the Red Hill Dyke took place.
The first alternative requires that an acid magma 
was intruded at the same time as the dolerite; the acid 
magma making its way to the higher parts of the dyke-like 
structures. Thorough mixing of the two magmas would be 
necessary to produce the complete chemical, petrographic 
and mineralogical gradation observed between dolerite and 
granophyre. The unusual composition of the granophyre, 
particularly its high iron content, compared with normal 
acid magmas, indicates that it is genetically related to 
the dolerite. This fact, together with the gradual 
transition from dolerite to granophyre, is very strong 
evidence for the origin of the granophyre by differentiation 
of the dolerite magma. The extremely uniform composition
of the undifferentiated dolerite from the chilled margins 
of intrusions throughout Tasmania, strongly suggests that
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the dolerite magma was intruded, from its source without 
modification by assimilation, differentiation in inter- 
crustal chambers, or by any other process.
Holmes (1956) suggested that the gabbro-granophyre 
series occurring in the Glen More Ring-dyke of Mull, and 
described by Bailey et al. (1924), has been formed by the 
intrusion and mixing of a basic and acid magma at the same 
time. Koomans and Kuenen (1958) re-examined the dyke and 
concluded that the gradational rock series was produced 
by differentiation in situ of basaltic magma, supporting 
the original findings of Bailey et al., and they raised 
many objections to the ideas of Holmes.
Walker and Poldervaart (1949, 674-684) have shown 
that the Karroo dolerite has commonly metasomatized the 
intruded sediments to produce igneous looking rocks, not 
unlike granophyre. They point out that the metasomatism 
was brought about by the fractionated residual liquid, 
enriched in iron and alkalies, and highly charged with 
volatiles (mainly water), which arose from the differen­
tiation of the dolerite magma.
In the Red Hill area the sediments appear to be 
low in iron, and to transform them into granophyre, which 
has a relatively high iron content, would require very 
large quantities of iron to be added from the differen­
tiating dolerite mass below. It is expected that at the 
top of the Red Hill Dyke there would be a chilled marginal
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zone of dolerite in contact with the roof sediments. 
Nowhere in the exposed section is there evidence of such 
a contact; it is assumed that it must have been removed 
by erosion. The roof sediments of the dolerite intrusions 
are invariably sharply demarcated from the underlying 
dolerite. The contacts are extremely sharp and, apart 
from minor rheomorphism, there is no suggestion of 
assimilation or metasomatism of the sediments by the 
dolerite.
The granophyre is very massive in outcrop, with 
no relict structures, such as bedding planes, discernable. 
In thin section no relict sedimentary textures or unusual 
heavy minerals have been recognized. The most important 
evidence against a metasomatic origin for the granophyre 
is its uniformity, and its completely gradational transi­
tion from the dolerite. If it were metasomatized sediment 
then stronger variations in texture and composition might 
be expected, reflecting the variation in the original 
sediments. Thus the evidence is strongly against the 
granophyre having been formed by the metasomatism of roof 
sediments.
The third alternative suggests that the column of 
dolerite which differentiated was somewhat greater than 
the 2,500 feet proposed from the structural evidence. If 
the Red Hill Dyke extended downwards for approximately 
another 1,000 feet then it would be possible to explain
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adequately the volume of acid differentiates occurring in 
the intrusion. However if this were the case the displace­
ment of sediments by the considerably denser dolerite 
would certainly produce a larger gravity anomaly than that 
observed across the dyke (see Appendix I). The gravity 
data therefore appears to rule out the possibility of the 
Red Hill Dyke extending downwards beyond the 2,500 feet 
postulated from the field data.
All the evidence points strongly towards the 
granophyre's having been produced by differentiation of 
the dolerite. As noted above this is considered to have 
taken place by the settling of pyroxene and, to a lesser 
extent, of plagioclase, displacing the rest-magma upwards 
to collect in the highest structural parts of the intru­
sion. It seems possible that the acid residuum also 
migrated independently of the sinking of crystals. If 
the acid rest-i^agma produced in the differentiation of 
the dolerite sheet, associated with the Red Hill Dyke, was 
able to migrate into the dyke, then the large volume of 
granophyre could then be adequately explained.
It has been shown above that a dolerite sheet, 
approximately 1,500 feet in thickness, underlies the 
whole of the Red Hill area. The roof of this sheet is 
well exposed in the northern half of the area, and erosion 
has revealed up to 500 feet of the upper part of the sheet. 
Edwards (1942) demonstrated that the differentiation
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within the sheets is towards granophyre, and recent work 
on the Great Lake North sheet, and the intrusion near 
Gretna, has shown their presence. However close examina­
tion of the northern sheet of the Red Hill area has not 
revealed any granophyre, although the dolerites are 
enriched in intersertal quartz and alkali feldspar. It 
might he expected that, if a column of dolerite of the 
order of 2,500 feet in height could give rise to several 
hundred feet of acid differentiates, then a pro-rata 
amount would he found in the dolerite sheets, depending 
on their thickness. The large volume of granophyre in 
the Red Hill Dyke and the lack of it in the associated 
sheet appears to he more than fortuitous. The evidence 
suggests that there has been migration of the acid residuum 
from the sheet into the dyke-like structure. As noted 
above the residual liquid would have a high content of 
volatiles, probably giving it a high mobility, with the 
result that it would tend to migrate to zones of lowest 
pressure. Such low pressure areas would very likely 
correspond to the highest structural parts of the intru­
sion, and. therefore it seems probable that this rest- 
magma could migrate from the sheet into the dyke-like 
cupolas.
The roof of the dolerite sheet is somewhat 
irregular and it seems probable that, even if there was 
considerable migration of the acid residuum into the dykes,
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Fig. 65* Diagrammatic sketch of the position of the 
800°G isotherm in a body of the shape of the Red Hill 
intrusion, assuming cooling is only by conduction, and 
that there is no movement of phases. Intrusion temper­
ature assumed as lOOCrC. The figures on the isotherms 
are proportional to time.
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some of this rest-magma would be trapped in local structural 
highs in the sheets, ho such segregations or concentrations 
have been found in the northern sheet. However the grano- 
phyre in the Great Lake North sheet appears to occur in 
a structural high of this type.
Professor J.G. Jaeger has made calculations on the 
cooling by conduction of an intrusive body which has a form 
like that suggested for the Hed Hill intrusion. Assuming 
that the magma began to crystallize at 1000°C and had 
solidified by 800°C, the form of the 800°C isotherm, at 
various times is shown, in fig. 65. The numbers on the 
isotherms are proportional to time. The calculations have 
been made on the assumption that there is no movement of 
material by crystal settling, convection or any other 
process. Such movement would modify the shape and position 
of the isotherms considerably.
The diagram shows that in the central parts of the 
dyke a relatively large volume of unconsolidated material 
occurs at a stage when the bulk of the associated, sill 
has crystallized. The data indicates that movement of 
acid residuum from the surrounding sill, into the still 
liquid central parts of the dyke, could take place if the 
rest-magma was mobile enough to do so. This would result 
in the remaining liquid becoming effectively more acid.
The position of the isotherms suggest that the latest magma 
to crystallize would be well below the roof of the dyke­
like structure. However settling of crystal phases, and
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also the independant movement of the residuum upwards, 
would have the effect of displacing the isotherms to 
higher parts of the intrusion, so that the latest material 
to crystallize would be much nearer to the roof of the 
dyke than the diagram suggests.
The fact that the magma in the dyke-like pro­
jection from the underlying sill takes about four times 
as long to cool as that in the sill may aHow the differen­
tiation process to be more efficient in the dyke than in 
the sill.
To summarize: the accumulated data leaves no
doubt that the granophyres have been produced by differen­
tiation of dolerite magma. The volume of granophyre in 
the Red Hill Dyke appears to be in excess of the amount 
that might be expected from the differentiation of the 
column of dolerite present, ana therefore it seems likely 
that migration of acid residuum from the underlying dolerite 
sheet, into the dyke, has taken place.
(h) Comparison of the Red Hill Granophyre with Grano­
phyres from other Provinces.
In table 50 the average of four analyses of grano­
phyre from the Red Hill area is compared with a number of 
granophyres which are genetically associated with dolerite 
or gabbro, and which are considered to have arisen by 
differentiation therefrom. All the granophyres are 
characterized by high SiOQ and alkalies, low MgO and
TABLE 30
1 2 3 4 5 6 7 8 9 10
S i ° 2 6 6 .0 2 6 3 .7 2 6 6 . 0 4 6 8 .1 2 5 8 .8 1 75 .03 6 2 .2 3 6 5 . 2 0 6 1 .4 6 6 6 .9 2
T i02 1 . 0 0 1 . 3 8 1 . 0 3 1 . 2 6 1 . 2 6 0.31 2 .1 8 0 . 3 9 1 .3 7 0 . 6 9
A12°3 1 1 .5 8 1 1 .5 6 1 2 . 7 2 1 3 .0 8 1 2 . 0 2 13 .17 1 2 .0 3 1 3 .7 2 1 3 . 2 2 12 .51
Fe2°3 5 . 9 2 1 . 6 4 2 .4 8 1 . 0 2 5 .7 7 1 .5 6 5 . 5 5 3 . 6 3 3 . 0 8 4 . 3 6
FeO 3 . 8 2 8 . 7 4 6 . 5 5 3 .2 6 9 . 3 8 0 .5 8 4 .7 6 3 . 7 2 5 . 4 2 3 . 9 3
MnO 0 .1 3 0 .1 8 0 .11 0 .3 9 0 .21 0.01 0 .4 3 - 0 . 1 8 0 .1 6
MgO 0 .4 4 0 .6 9 0 . 5 4 0 .71 0 . 7 2 0 .1 5 2 .0 5 1 .01 2 . 0 0 1 .6 6
CaO 3 . 1 5 4 . 2 0 2 . 6 5 1 .81 5 .0 3 0 .6 9 4 . 2 5 2 . 7 9 2 .9 6 1 . 2 0
Na20 2 .7 3 2 .9 2 4 . 6 2 4 . 1 5 3 .91 4 . 2 4 3 . 2 0 5 . 2 2 3 . 3 3 3 . 4 5
V 3 . 1 3 2 .9 6 2 . 2 6 4 . 4 7 2 . 3 9 3 .8 5 1 . 3 6 2 .1 7 4 . 3 0 3 . 9 8
P2°5
0 . 3 4 0 .1 9 0 . 2 2 0 .2 2 0 .71 0 .0 2 0 .01 0 .3 8 0 . 4 0 0 .11
H 0+ 1 .0 1 1 . 3 4 0 . 8 4 1 . 1 6 0 .21 0 .2 8 0 .3 3 1 .2 7 1 . 2 4 1 . 2 52 -
h2 ° - 0 . 8 0 0 .2 5 0 . 1 9 0 . 4 0 0 . 1 9 0 .1 3 0 . 5 2 0 . 7 2 0 . 3 2 0 . 2 0
Other 0 . 1 0 0 .31 0 .5 3
1 0 0 . 0 7 9 9 .7 7 1 0 0 .2 5 100 .15 1 0 0 .61 100 .0 2 99 .21 1 0 0 .2 2 99 .81 1 0 0 .4 2
nM-Ul»
Key to Table 30.
*»v
L ib r a r y  *-
1. Average of 4 Red Hill granophyre analyses (M162, M8, 
M19, Ml?6).
2. Fayalite-hedenbergite-granophyre froi'- New Amalfi 
Sheet (Poldervaart, 194-4, analysis 18).
3. Granophyre from Dillsburg diabase, Pennsylvania.
(Hotz, 1953, 690).
4. Granophyre from Glen More Ring-Dyke. (Bailey et al., 
1924, 29).
5. Hedenbergite granophyre, Skaergaard intrusion (Wager 
and Deer, 1939, 210).
6. Acid granophyre, Skaergaard intrusion. (Wager and 
Deer, 1959, 208).
7. Granophyre from central part of pegmatitic vein, 
Palolo quarry, Honolulu, Hawaii. (Kuno et al., 1957, 
182).
8. "Red veinlet" in Whin Sill. (Tomkeieff, 1929, 
Analysis III).
9. "Red granitic rock" (granophyre) from Endion Sill, 
Minnesota. (Schwartz and Sandberg, 1940, 1144).
10. "Red rock" (granophyre) from Duluth Gabbro, 
Minnesota. (Grout, 1918, 65).
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relatively low AlpO^, and in most cases by a high iron 
content, which distinguishes them from normal granitic 
rocks. However the latest differentiate in the Skaergaard 
intrusion is low in iron (analysis 6, table $0). The 
total alkalies in the Red Hill granophyre is lower than 
in most granophyres. Hotz (1953) noted the large varia­
tion in relative amounts of NapO and K^O, and found that 
generally NapO is higher than KpO in small bodies of 
granophyre, but in large bodies the reverse appears to 
be true. The Red Hill granophyre would be considered a 
large body by Hotz, and in agreement with his findings the 
KpO is higher than the NapO content.
The Red Hill granophyre is matched closely by the 
fayalite-hedenbergite granophyre from the New Amalfi 
Sheet (Poldervaart, 194-h) , and, except for a higher 
Na^O and lower KpO content, also by the Dillsburg grano­
phyre (Hotz, 1953)»
Table 30 shows that, as a group, the granophyres 
do vary considerably in composition, but such is surely 
to be expected, since they were derived from basaltic 
magma of different compositions, and in which the trend 
of fractionation differs in each case.
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VII THEORETICAL CONSIDERATIONS
(a) Origin of the Magma.
The dolerite magma at the time of intrusion was 
almost completely liquid, as at the contacts with the 
sediments the dolerite is either chilled to a glass or 
is extremely fine grained, with only a few percent of 
microphenocrysts, which are predominantly of orthopyroxene. 
The presence of these microphenocrysts shows that the 
magma was supersaturated and possessed no superheat; a 
feature common to dolerite magmas throughout the world 
(Walker, 195&, 4-35)« The relatively small size of the 
microphenocrysts suggests that they had just begun to 
form prior to the intrusion of the magma.
That orthopyroxene and not clinopyroxene occurs 
as microphenocrysts shows that the magma was in the ortho- 
pyroxene stability field at the time of intrusion, 
indicating a temperature below 114-0°C (Bowen and Schairer, 
193S; Hess, 194-1). As pigeonite becomes the stable lime- 
poor pyroxene phase shortly after the commencement of 
crystallization, the magma must have been close to the 
orthopyroxene-clinopyroxene inversion curve, and Hess 
(194-1, 582) therefore considers that in such cases the 
temperature of the magma was probably about 1100°C.
Sosman and Merwin (191$) have shown that the Palisades 
diabase begins to fuse at a temperature of about 
1150°G. Experiments carried out by Yoder and Tilley
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(19^/) on "two tholeiite basalts, one of which, is very 
similar in composition to the Palisades diabase, show 
that the liquidus for these specimens lies close to 
1200°C. In each case olivine was the first mineral to 
appear on cooling, followed closely by pyroxene and 
plagioclase. Further work of a similar kind is required 
on other basalts and dolerites, including the Tasmanian 
dolerite, but it is clear that the temperature of the 
Tasmanian dolerite magma was in the range 1100° to 1200°C 
at the time of intrusion, and probably between 1100° and 
1140°C.
Basaltic magma could be generated by melting of 
the basaltic substratum of the crust, or by partial fusion 
of the upper mantle, if it is of peridotitic composition, 
or if it is composed of eclogite, then complete melting 
would be necessary (Turner and Verhoogen, 1951, 199)* 
Kennedy ana Anderson (1938) appealed to local fusion of 
the lower part of the crust to produce basaltic magma. 
However this requires that temperatures of the order of 
1200°C can be developed in the crust, but particularly in 
oceanic areas, where the crust is only about 5km in thick­
ness, it seems most improbable that such high temperatures 
could be produced. Thus Kuno (1957, 214-216) reasons that 
the tholeiitic magma of the Hawaiian and Japanese volcanic 
provinces must have been generated in the mantle.
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Studies of various models of the distribution of 
temperature within the earth lead Verhoogen (1954-; 1956) 
to the conclusion that basaltic magma generation by 
partial melting of peridotitic material would take place 
at depths of 100km to 200km. Bowen (1928, 315-320) 
considered that partial fusion of material of peridotitic 
composition in the upper part of the mantle would produce 
basaltic magma. By virtue of the fact that the melting 
points of minerals increases with pressure, a sudden 
decrease in pressure in the upper part of the mantle or 
even the lower part of the crust might lead to the partial 
melting to produce basaltic magma (Yoder, 1952, 371-374-)*
It is generally believed that the upper part of 
the mantle is composed of peridotitic material, and this 
has been reinforced by the work of Ross, Poster and Myers 
(1954) on the olivine-rich inclusions so commonly found 
in basalts. However Verhoogen (1956, 30) points out that 
partial fusion of a peridotitic substratum could not give 
rise to basaltic magma, because of the very low proportion 
of alumina and alkalies in such material. The upper mantle 
may be composed of peridotite which is the residue of 
original stony meteorite material, from which the low 
melting fraction has separated by partial fusion and added 
to the crust. Rubey (1951) considers that such a process 
could only have affected the upper part of the mantle, 
and suggests that below this relatively thin upper zone
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stony meteorite material exists, which by partial fusion 
could give rise to basaltic magma.
That the upper part of the mantle is composed of 
eclogite has been put forward by a number of workers 
(Fermor, 1914; Goldschmidt, 1922; Holmes, 192?; Birch, 
1952; Lovering, 1958). Verhoogen (1954) argues that this 
is unlikely and points out the rarity of eclogite inclu­
sions in basalts, particularly in oceanic regions, where 
the crust is so thin. If eclogite forms the upper part 
of the mantle the development of basaltic magma necessitates 
almost complete melting of the material, requiring much 
greater quantities of heat than the partial melting of 
peridotite. Such an hypothesis probably requires that the 
eclogite should first be transformed into gabbroic 
material.
A final solution cannot be reached, owing to lack 
of sufficient data, but the high temperatures which are 
necessary for the generation of basaltic magma, and which 
seem impossible to produce at high levels in the earth, 
particularly in oceanic regions, where the crust is so 
thin, leads to the conclusion that the source of the magma 
is to be found in the mantle, rather than in the crust.
The reasons for the local perturbations of temperature 
and/or pressure, which enable remelting of crystalline 
material to take place to produce basaltic magipa, also 
have yet to be satisfactorily explained.
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If the Tasmanian dolerite magma was generated "by 
partial melting of stony meteorite material at depths of 
the order of 100km its temperature must have been about 
1400°C (Verhoogen, 1954-) • Since the increase in melting 
point with pressure is considerably greater than the 
adiabatic gradient, then much heat must have been 
dissipated by the time the magma reached the upper crust, 
for it to be supersaturated in pyroxene, and lacking in 
superheat. Hess (19-56», 4-47) has suggested three possible 
ways in which the magma may have lost its excess heat :
(1) very slow transfer of the magma from depth;
(2) rapid transfer from depth to a relatively 
shallow reservoir, a pause and reintrusion upward;
($) dissolving of phenocrysts or xenocrysts 
which were much more abundant at the initial site 
of magma than they were when it reached shallow depth.
The extremely uniform composition of the chilled 
dolerite throughout Tasmania suggests strongly that the 
magma was intruded relatively rapidly, without pausing 
en route, and that contamination by, or assimilation of, 
material from the crust did not take place. It is unlikely 
that the magma left its source completely liquid and free 
of crystals, so that it is reasonable to suppose that 
much of the heat was dissipated by dissolving the included 
xenocrysts. In most magmas this process appears to go 
to completion preceding intrusion in the upper crust, and
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in the case of the Tasmanian dolerite magma the temperature 
decreased, to such an extent that, f1ust prior to intrusion, 
it became supersaturated with respect to pyroxene, to 
account for the microphenocrysts of orthopyroxene, which 
are invariably found in the chilled contacts.
(b) Differentiation of Basaltic Magma and the Genesis 
of the Gale-alkaline Series.
Bowen (1 9 2 8) advocated that fractional crystalliza­
tion of basaltic magma would lead to enrichment in alkalies 
and silica in the residual liquid, and therefore that the 
calc-alkaline series could be derived by differentiation 
of basaltic magma. It has been pointed out that the 
differentiation within many basaltic intrusions, including 
the Red Hill intrusion, has been towards enrichment in 
iron during the main stages of fractionation, and that it 
is only in the later stages that enrichment in silica and 
alkalies takes place. As noted by many workers including 
Wager and Deer (1 9 3 9), Walker and Poldervaart (194-9 ), and 
Tilley (1 9 3 0) this trend is markedly different to the 
calc-alkaline liquid line of descent, defined approximate­
ly by the average basalt, andesite, dacite and rhyolite 
of Daly (1 9 3 5)«
Edwards (194-2 , 6 0 8-6 0 9) showed that certain of 
the more acid differentiates of the Tasmanian dolerite were 
very similar in composition to some of the two-pyroxene 
andesites of Japan, and therefore concluded that it is
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possible to derive the calc-alkaline series by differen­
tiation of tholeiitic basalt magma. These particiilar 
andesites belong to the pigeonitic rock series, which 
Kuno (1955, 1959) shows are not typical calc-alkaline 
andesites, as they exhibit a differentiation trend towards 
iron enrichment with fractionation. Kuno believes that 
this series of andesites has arisen by fractionation of 
basaltic magma. A second series of andesites the hypers- 
thene or H series of Kuno, occurs in the Japanese volcanic 
province, and this series follows the calc-alkaline trend 
closely. These andesites are very similar to the typical 
andesite of the circum-Pacific orogenic zone (Tilley,
1950, 4-9-54), and are distinctly different from the normal 
tholeiitic differentiates.
It is believed by many (e.g. Wager and Deer, 1959; 
Tilley, 1950; Kuno, 1955, 1959) that the calc-alkaline 
series probably resulted from the contamination of basaltic 
magma by sialic material, causing it to fractionate 
towards enrichment in alkalies and silica, rather than 
in iron. Edwards (1942, 609), although suggesting that 
the calc-alkaline rocks may be derived from the fractiona­
tion of tholeiitic basalt magma, also considers that it 
is necessary to appeal to crystallization-differentiation 
of basaltic magma, which has assimilated sialic material, 
to produce the great bulk of calc-alkaline rocks.
Walker and Poldervaart (1949, 661), on the other 
hand, believe that it is likely that the calc-alkaline
16-8.
series is produced by differentiation of basaltic magma, 
but do not exclude the possibility of contamination as an 
important factor in the genesis of the series. Their con­
clusions are based on the fact that the differentiation 
within the Bushveld igneous complex appears to follow 
both the normal iron enrichment trend and also the calc- 
alkaline trend.
The marked difference in trend between the calc- 
alkaline series and the differentiation of basaltic magma 
has also been noted by Fenner (1948), and he suggests 
that the calc-alkaline series has resulted from the mixing 
of two magmas, one of basaltic and the other of rhyolitic 
composition, in the upper part of the crust, so that all 
gradations between basalt and rhyolite are observed.
The FeO/Fe-O^ ratio in basaltic magma appears to 
be of some importance in determining whether fractional 
crystallization of the magma leads to iron enrichment or 
alkali and silica enrichment in the residual liquid 
(Kennedy, 1948; 1959). This ratio is primarily dependant 
upon the partial pressure of oxygen. Osborn (1959)» from 
consideration of the experimentally investigated systems 
Fe0-Feo0^-Si0p and MgO-FeO-Fe^O^-SiO^, concludes that the 
variation of the partial pressure of oxygen (pOp) during 
fractionation, rather than the FeO/FepO^ ratio, is the 
main controlling factor in determining the trend of 
differentiation of basaltic magma. Osborn shows that
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the iron enrichment trend will he followed if the total 
composition of the mixture remains constant during 
fractionation, in which case the pOp necessarily 
decreases with crystallization. If the pOp remains 
approximately constant, or increases with fractionation, 
the trend towards enrichment in alkalies and silica should 
he followed instead. Osborn has extrapolated from these 
theoretical considerations, based on the two investigated 
systems, to explain the diversity of trends found in 
igneous rocks in Nature, in which the magmas are of a 
much greater degree of complexity. The pOp in a natural 
magma is dependant upon many factors, and arises from the 
dissociation of water and carhon dioxide and other oxygen 
hearing constituents, hut is probably mainly related to 
the concentration of water in most cases. Apart from the 
temperature, the pOp v/ill he strongly affected hy the 
diffusion or otherwise of Hp out of the system.
In most cases the fractionation within individual 
tholeiitic hasalt intrusions leads to iron enrichment 
during the main stages of fractionation, which Oshorn 
has interpreted as being the result of crystallization 
with the total composition of the mixture remaining 
constant. Oshorn considers that the differentiation 
trend followed hy basaltic magma, if the pOp remains 
essentially constant, would yield the calc-alkaline trend. 
If Osborn's thesis is correct it might he expected that
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some differentiated "basaltic intrusions woula follow the 
calc-alkaline series; but such cases appear to be extremely 
rare. Also it is difficult to envisage why differentiation 
within a basaltic intrusion should follow the iron enrich­
ment trend, whereas a similar magma in an intercrustal 
reservoir follows the calc-alkaline trend, as Osborn 
implies. He explains this in terms of a higher water con­
tent in the magmas of orogenic belts, where the calc- 
alkaline series is so well developed; the higher water 
content allowing the p0o to remain approximately constant 
during fractionation.
The variation in the partial pressure of oxygen 
in the fractionation of basaltic magma may well explain 
the varying degree of iron enrichment observed, and is 
probably an important factor in the genesis of the calc- 
alkaline series. However the complexity of magmas as 
compared with the laboratory investigated systems makes 
it unwise to extrapolate too far, or to attempt to account 
for all the rocks of the calc-alkaline series by differen­
tiation of basaltic magma in terms of the partial pressure 
of oxygen. The very large volume of acid and intermediate 
rocks compared with the volume of basaltic rocks in the 
orogenic belts, does not conform to an origin of the calc- 
alkaline series by crystallization differentiation of 
basaltic magma. The hypothesis that fractional crystalliza­
tion of basaltic magma contaminated by sialic material
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may yield the calc-alkaline series cannot be dismissed, 
and it seems likely that fusion of sialic material deep 
in the crust may also be important, in the production 
of acid magmas of the calc-alkaline series.
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APPENDIX I
GRAVITY SURVEY OF THE RED HILL AREA 
(a) Introduction
The field evidence suggested that the Red Hill Dyke 
is a large dyke-like intrusion extending upwards from the 
roof of an extensive underlying dolerite sheet. However 
the volume of granophyre present in the dyke appeared to 
be in excess of that which reasonably could be expected 
to have arisen by differentiation of a column of dolerite 
some 2,500 feet in height, which the field work indicated.
An alternative structure is that the dyke continues down­
ward through the floor of the sheet to some unknown depth, 
thus increasing the volume of dolerite available for 
differentiation. On the basis of the field work alone, 
it was not possible to decide between the two structures, 
although the last mentioned seemed unlikely. To obtain 
information concerning the subsurface geology, apart from 
extrapolation of the surface geology or by drilling, it is 
necessary to employ a geophysical method. Therefore gravity 
observations were made in the Red Hill area in the hope 
that they might help to elucidate the subsurface structural 
relationships. Both the field v/ork and the interpretation 
of the results were carried out by the writer in conjunction 
with Mr. :.M. Stott.
As a generalization the value of the acceleration 
due to gravity (g) at any point is dependant upon its
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position on the earth's surface, and upon the density of 
the surrounding rocks. Because the dolerite is of a higher 
density than the sediments it intrudes, local variations 
in gravity should be interpretable in terms of the distri­
bution of dolerite and sediment. Thus, because of this 
density difference, if the dolerite extends beyond the 
floor of the sheet, displacing sediments which would other­
wise be there, then considerably higher values of gravity 
would be expected over the dyke.
Several surveys of this kind have been carried out 
previously. Steenland and Woollard (1952) made gravity 
observations over the Oortlandt complex in New York State; 
this complex is composed of basic igneous rocks intruded 
into granitic and Lower Palaeozoic sedimentary rocks.
They were able to outline two large cylindrical masses 
between which thinner intrusions occur. Romberg and 
Barnes (195^) conducted a gravity survey across an exhumed 
volcano of Cretaceous age at Pilot Knob, Texas, and 
showed that the basalt mass could only extend to several 
hundred feet in depth, although a small dyke must have 
fed the volcano from below. A similar study, but somewhat 
more detailed, has been carried out by Greenwood and Lynch 
(1959) over the Mustang Hill laccolith, Texas. From their 
studies they concluded that the analcitic basalt is 
laccolithic in form and has a feeder dyke associated with it.
(b) Methods
~73.
In the survey of the Red Hill area a Worden gravity 
meter (no. 61, scale factor 0.08895 mgal/div) was used.
(One gal is an accelaration. of Icm/sec/sec). The height 
of each station was determined with an Askania microbarometer. 
The base station, to which all readings were tied, was the 
bench mark SPM 2683 (Snug township) established by the 
Tasmanian Department of Lands and Surveys. The stations 
occupied were marked on aerial photographs and were trans­
ferred to the base map, which had been drawn partly from, a 
photo-laydown, and partly from an uncontrolled photo- 
mozaic (fig. 1).
The main traverses were 1 open-ended", but on the 
closed traverse Margate-Red Hill-Electrona-Margate the 
misclosure was 0.04 mgal. The observed values of g are 
considered to be correct to 0.1 mgal, and the height to 
about 15 feet.
The base station SPM 2685 (station S5 on the map, 
fig. 1) was tied to a station established by Muckenfuss at 
Cambridge Airport, Hobart (Bureau of Mineral Resources, 
personal communication).
(c) Rock Densities.
Determinations of density were carried out on the 
sediments of the various formations and on the dolerite- 
granophyre association, by weighing the samples in air and
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then immersed, in water, employing a. single pan balance 
(Jaeger and Green, 1958, 58). The average densities of the 
sediments were :
Ferntree Mudstone 2.58 g/cc
Woodbridge Glacial Formation 2.55 g/cc
Grange Mudstone 2.54 g/cc
All the specimens were slightly weathered and leached, and 
therefore the measured densities are probably a little 
lower than the true value.
The density of the dolerite varies in a fairly 
regular manner, and is dependant upon the position within 
the intrusion (see above). From the values obtained the 
average density of the dolerite is about 2.85 g/cc, so 
that initially a density difference between dolerite and 
sediment was taken as 0.5 g/cc in the calculations. However 
it was necessary to make allowance for variation in density 
within the intrusion in the more detailed calculations 
(see later).
(d) Reduction of Observations
Free air, Bouguer and latitude corrections have 
been applied to the gravity observations (table l). The 
density adopted for the Bouguer corrections was 2.67 g/cc. 
The terrain has moderate relief and a correction should 
also be made for this. However as no survey information 
is available, no terrain corrections could be made. In a
l
m
TABLE 1.
Station Altitude(feet)
Observed
gravity
(mgal)
Free air 
anomaly 
(mgal)
Bouguer
anomaly
(mgal)
Ml 82,00 980465•89 +22.78 +20.11
M2 181.3 461.10 27.51 21.22
M3 161.5 463.25 26.72 21.47
m 239.7 459.02 29.55 21.75
M5 328.4 455.6I- 34.32 23.64
M6 328.7 455.50 34.10 23.41
M? 412.6 450.42 56.60 23.18
M8 453 • 6 447.12 57.02 22.27
M9 480.0 445.23 57-46 21.85
M10 561.7 440.08 39.84 21.57
Mil 633.3 435.15 41.35 20.75
M12 710.1 430.27 43.69 20.60
Ml 5 802.7 425.06 47.04 20.94
M14 876.8 421.14 50.09 21.58
Ml 5 991.3 412.62 52.19 19.95
Ml 6 1058.1 47.83 53.68 19.27
Ml 7 1166.5 401.18 57.22 19.29
M18 1205.8 598.56 58.30 19.09
M19 1249.0 395.33 59.14 18.52
M20 1647.7 370.18 71.19 17.61
M21 2072.5 343.50 84.59 17.20
M2 2 2146.7 541.72 90.51 20.70
M30 428.4 448.95 36.78 22.85
M31 533.7 442.95 40.53 23.17
TABLE 1 . (Continued)
Station Altitude
(feet)
Observed
gravity
(mgal)
Free air 
anomaly 
(mgal)
Bouguer
anomaly
(mgal)
M$2 62,3.9 437.01 43.26 22.90
M3 3 686.9 432.61 44.45 22.11
M34 772.9 427.50 47.43 22.29
M3 5 812.2 425.45 48.92 22.51
M36 851.1 422.51 49.49 21.81
M37 879.0 420.89 50.49 21.91
M3 8 892.7 419.31 50.41 21.38
M39 951.9 415.05 51.36 20.40
M40 483.3 444.41 37.10 21.38
M41 722.9 429.75 44.65 21.14
M42 884.1 421.32 51.11 22.36
M43 904.0 419.78 50.98 21.58
M44 931.0 417.69 5 1 .2 9 21.01
M43 428.3 448.24 35.30 21.37
M46 334.0 454.01 5 2 .5 6 21.50
M47 191.0 462.18- 27.38 21.17
M48 68.4 466.57 19.78 1 7 .5 6
SI 2.4 980470.18 +16.44 +16.56
S2 19.4 469•38 17.07 16.44
S3 49.97 468.28 18.71 17.08
S4 104.3 466.12 21.51 18.12
S3 129.5 466.70 24.31 20.10
S6 2 2 3 .8 461.00 27.33 2 0 .0 5
TABLE 1. (Continued).
Station Altitude
(feet)
Observed
gravity
(mgal)
Free air 
anomaly 
(mgal)
Bouguer
anomaly
(mgal)
s? 369.3 451.30 31.22 19.21
S8 477-2 444.51 34.52 19.00
S9 393.6 4-38.77 39.58 20.28
S10 677.3 435•30 43.83 21.80
Sll 775.6 429.87 47.50 22.28
S12 860.7 424.84 50.35 22.34
SI 3 894.5 422.19 5 0 . 5 4 21.45
S14 897.5 421.33 50.17 20.98
S15 941.1 419.24 51.83 21.231
S16 1002.5 4 1 5 . 5 9 54.80 22.20
S17 1114.4 408.37 58.11 21.87
S18 1219.7 401.60 61.10 21.43
S19 1262.6 399.21 62.45 21.39
S20 1369•8 392.18 65.50 20.95
S21 1510.9 382.88 69.31 20.17
S30 164.6 462.21 23.12 17.77
S31 54-5.5 451.95 29.72 18.49
S32 283.2 454.52 26.29 17.08
S3 3 4 3 8 . 6 447.08 42.19 1 9 . 2 0
S34 713.3 429•82 51.09 18.99
S35 876.7 419.68 47.27 18.76
S36 947.4 4 1 5 . 5 6
1
49.80
1
18.99
TABLE 1. (Continued)
Station Altitude 
(feet)
Observed
gravity
(mgal)
Free air 
anomaly 
(mgal)
Bouguer
anomaly
(mgal)
Cl 4.9 980478.74 +20.87 +20.71
0 2 20.9 477.75 2 1 . 5 2 20.84
05 57-5 476.00 21.65 20.42
04 82.0 472.79 22.62 19.95
05 117.9 469.85 2 3 . 2 1 19.58
06 188.5 465.91 26.04 19.92
07 1 9 0 . 6 467.59 27.74 21.54
08 173.2 469.25 2 7 . 8 1 22.18
| C9 184.5 469.09 28.71 22.71
CIO 222.9 465.88 2 9 . 2 6 2 2 . 0 1
Oil 275-5 462.18 50.65 21.70
0 1 2 5 0 8 . 8 4 5 9 . 6 7 51.14 2 1 . 1 0
013
1_____
285.5
1 ... _
451.82 21.24 1 1 . 9 6
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few places it is possible to estimate that the average 
slope is approximately 10° over a distance of about one 
mile. Using the results of Sandberg (19.58) it is estimated 
that the maximum terrain correction is about two milligals, 
but the change between adjacent stations would be much less 
than this value. Also the presence of a basement of un­
certain structure adds additional uncertainty to the results, 
but the main conclusions should not be affected, although 
the detailed picture will need modifying as survey informa­
tion improves.
(e) Results
Fig. 1 is the Bouguer anomaly map of the area 
surveyed, and the positions of the stations occupied are 
also shown. The pattern of anomalies is somewhat complex, 
but in general high gravity values occur over the exposed 
dolerite, and the regional trend of the contour lines follows 
the outcrop of the dolerite. The main features are the 
lower values in the centre of the dyke over the granophyre, 
the high values west of the dyke in the region of stations 
S14 - S16, and the offset of the maximum with respect to 
the outcrop, along the Oyster Gove traverse. This 
asymmetry shows up elsewhere, being generally to the west 
of the dyke in the southern part of the area, and to the 
east in the north, with a fairly distinct division of the 
high anomalies in the Snug River region. A short traverse
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(S$0 - S56) was Blade on the north hank of Snug River, hut, 
perhaps owing to the steeper terrain ana rapid variation in 
g, the values are erratic and have heen disregarded in 
preparing the map. However the general effect would have 
been to enhance the division and to produce two separate 
gravity highs.
(f) Interpretation and Discussion
(i) General
Three cross sections have heen prepared as follows 
a straight line was drawn approximately perpendicular to 
the trend of the dyke near each of the main traverse lines; 
the station positions were then projected onto this line, 
and a Bouguer anomaly profile was drawn, using the anomaly 
values for each station. The section lines are UV, WX and 
YZ in fig. 1.
For any gravity anomaly there is no unique solution 
and it is necessary to make assumptions as to the distri­
bution of density which give rise to the anomaly. The 
assumptions made in what follows were guided hy the 
geological field data and the measured densities of the 
rocks in question.
When considering dykes and sills it is simpler, 
and in most cases sufficiently accurate, to regard them 
as ’’two-dimensional” bodies, that is, that they extend to 
infinity in both directions, perpendicular to the plane
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of the section. For such bodies simple, approximate 
formulae have been developed, and are described by tiettle- 
ton (1942). However these methods are only sufficiently 
accurate when the distance from the station to the mid­
plane of the body is greater than one-half the thickness 
of the intrusion. In particular the effect of an out­
cropping dyke is not accurately indicated by these formulae 
for stations actually on the dyke. A more complicated, 
but exact formulae, has been used, and the values calculated 
on an electronic computer.
The diagrammatic cross sections along YZ, WX and 
UV, constructed from the observed field relationships and 
extrapolated to depth, together with the Bouguer anomaly 
curves are presented in figs. 2, 7> 9- Along traverses 
YZ and UV the original interpretation of the structure is 
consistent with the geophysical results with slight 
modifications, which are not in conflict with the geological 
evidence. However on traverse WX it seems impossible to 
reconcile the geological and geophysical results, based 
on existing knowledge. The results of the gravity survey 
along traverse WX can be explained if the central part of 
the dyke were not there at all, its place being taken by 
sediments. As a traverse along Snug River shows such an 
inference to be absurd an alternative explanation is 
required.
(ii) Margate traverse
The method of interpretation is illustrated by
/  /  / S /  M\ /  /  ,
Fig. 2. The Margate cross section (YZ) as inter­
preted from the geological data. The projected 
positions of the stations occupied for gravity 
observations are shown on the cross section. The 
observed gravity profile is plotted together with 
the calculated gravity values based on various 
models.
MODEL AI
—  x CALCULATED
BASEMENT
4000 «Mt
Fig. 3. Model A1 for the Margate cross section.
E and E are the sills on either side of the dyke­
like part of the intrusion (P). In this model it 
is assumed that density of dolerite is 0.$g/cc 
greater than the sediments. The calculated gravity 
profile is compared with the observed profile.
MODEL A2
., S.L.
0-20 0*25 0-30
BASEMENT
Fig. 4. Model A2 for the Margate cross section, in 
which allowance is made for the density variation 
across the dyke-like part of the intrusion (P). The 
figures on the section indicate the density differ­
ence between the dolerite and sediments.
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reference to section YZ. The cross section, based on the 
geological information (fig. 2), may be called model A.
The first step is to assume the dolerite has a uniform 
density, 0.3 g/cc greater than that of the intruded sedi­
ments. This model (Al) is shown in fig. 3 together with 
the observed and calculated gravity values. The calculated 
values have an arbitrary zero, so that the curve may be 
moved vertically at will. In fig. 3 the curve has been 
adjusted so as to give the best fit to the observed values. 
It is immediately obvious that the calculated values are 
too high in the middle of the dyke, and so the next step 
is to modify the main part of the dyke (F) to allow for 
the observed density variation across it. Fig. 4 shows F 
on model A2. It will be seen that the dyke is asymmetric 
by reference to the map (fig. 1), and this has been allowed 
for in the model. The figures on the diagram are the 
density differences between the dolerite and the sediment, 
taking the density of the latter as 2.6 g/cc. For ease 
of calculation it has been assumed that the density changes 
extend the full depth of the dyke. This is not so, but 
the effect on the calculated gravity values is not large, 
and in the final analysis a more realistic picture is 
adopted.
The calculated curve for model A2 is much closer 
to the observed profile but the values to the west are too 
high. Although the thickness of the sill E is determined
MODEL A3
- -S.L.0-30-25 030*
0-30
E 0-30
BASEMENT
2 0 0 0  feet H
Fig. 5« Model A3 for the Margate cross.section, 
modified from model A2 by moving the sill E down 
to Just above the basement. The calculated gravity 
profile for this model is plotted in fig. 2.
MODEL A4
E  0-30
i— —
-0-25
pr
^ = 0 * 3 0 G
BASEMENT
1--------------1 MO 2 0 0 0  feet M
Fig. 6. Model A4 is model A3 with a more reason­
able distribution of density in the dyke-like part 
of the intrusion.
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from geological data, there is no definite evidence to 
show exactly where it occurs in the stratigraphic column, 
except that it is lower than the Woodbridge Glacial Forma­
tion, in the Snug River section, and below the Grange 
mudstone and probably well down in the Undifferentiated 
Permian, at Oyster Cove Township. Thus in model A3 the 
sill E has been moved down nearly to the assumed basement 
(fig. 5). The dyke F is kept the same as in model A2.
The calculated profile is shown in fig. 2, and a reasonably 
close match with the observed curve is found, except that 
the observed values are somewhat higher than the calculated 
values to the east of the dyke.
At this stage the quality of the observations does 
not justify further detailed analysis, and the final step 
is to calculate the effect due to F with a more natural 
distribution of density (model A4, fig. 6). The 
calculated curve based on this model is shown in fig. 2.
The agreement between the observed and calculated profiles 
is again fairly good, but the effect of the modification 
in the density distribution has been to raise the calculated 
value of gravity over the dyke (F), and to accentuate the 
gravity difference to the east. The high values to the 
east of the dyke indicate a greater mass of dense rock in 
this region than has been postulated on geological grounds, 
and no explanation for this can be offered, except to suggest 
some basement effect.
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In fig. 2 are also drawn the calculated profiles 
for models A3 and A4, which have been modified by extend­
ing the dyke (F) downwards another 1,000 feet to the base­
ment. These curves are respectively A3+ and A4+ in fig. 2. 
It will be seen that the divergence between the calculated 
ana observed curves is much greater than in the case of 
models A3 and A4; the gravity anomaly expected over the 
dyke compared with the surrounding area, if the dyke did 
extend to the basement, is much greater than the observed 
anomaly. Therefore the gravity data appears to be incon­
sistent with the view that the dyke does extend downwards 
through the floor of the underlying sheet.
Two points need to be noted concerning the assump­
tions made in the calculations : (l) The density in sills 
E and G certainly varies wTith depth (Jaeger and Green, 
1938), but as these sills do not crop out, the differences 
in calculated values of g on the surface, allowing for 
this variation, and those assuming constant mean density 
difference will be small; thus a constant difference in 
density between sediments and dolerite is assumed 
(0.3 g/cc). (2) In this, and to an even greater extent 
in section WX, the main problem has been the absence of 
mass in the middle of the dyke. The depths of the lighter 
sections of the dyke in model A4 have therefore been made 
as great as possible, consistent with the geological 
evidence. On geophysical grounds alone, the depths should 
probably have been made greater.
/ / / / / / / / / / /
Pig. 7. Snug cross section (WX)as interpreted 
from tiie geological evidence. The observed gravity 
profile is shown together with a calculated profile 
based on the model in fig. 8, below.
0 -3 0 <r = 0 1 5 0-30
BASEMENT
I---------------- 1
O 2 0 0 0  f««t
SL.
Pig. 8. Model from which the calculated profile in 
fig. 7 was obtained.
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(iii) Snug traverse
The geological cross section (WX) and the observed 
gravity profile for this traverse are shown in fig. 7*
The apparent mass deficiency in the centre of the dyke, 
indicated by low gravity values, is even more strongly 
marked than in the Margate traverse. The calculated 
profile for the model shown in fig. 8 is plotted with the 
observed values in fig. 7« Although the high density 
margins of the dyke have been assumed to be considerably 
wider than they actually are, and. the central part has 
been given a lower density than is probable, the calculated 
profile from this model still does not produce such a 
large fall in gravity values, over the centre of the dyke, 
as the observed, profile. The effect of limiting the depth 
of the lighter middle section, as the geological evidence 
almost certainly requires, would be similar to that on the 
Margate traverse, that is, to raise the calculated values 
in the central part of the dyke. Since this would make 
the already poor agreement worse, it has not been thought 
worthwhile to make the necessary calculations. The 
apparent deficiency in mass over the dyke, which cannot 
be explained adequately even on the model proposed, makes 
it extremely unlikely that the dyke could continue down­
wards through the floor of the sill; this would raise 
the calculated profile considerably, making the misfit 
much greater.
4*-<-v
Fig. 9. Oyster Gove cross section (UV) together 
with the observed and calculated gravity profiles. 
The calculated gravity has been made on the 
assumption that all the dolerite is 0.3g/cc 
denser than the sediments.
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To the west of the dyke at about station S16 there 
is a suggestion of a greater mass of dolerite near the 
surface, indicated, by the high observed gravity, but no 
geological evidence has been found to explain this.
(iv) Oyster Cove traverse
The geological cross section (UV) for the Oyster 
Cove traverse together with the observed and calculated 
gravity profiles are shown in fig. 9- The calculated 
gravity curve is based on the assumption that the density 
difference between the sediments ana the dolerite is 
0.3 g/cc. The agreement between the two profiles is good, 
except that the observed peak is displaced to the west of 
the centre of the dyke, which may be explained if the dyke 
is not vertical but is dipping to the west. This cannot 
be ruled out from the geological evidence, though the 
straightness of the margins of the dyke across the fairly 
rugged topography suggests that it is near vertical. There 
is a large discrepancy between the observed and calculated 
values in the eastern part of the traverse: the former
being much greater than the calculated values. The geology 
of this part of the area is somewhat complex because of 
faulting, so that the field relationships are not clear. 
However the high values of observed gravity may be partly 
explained by the mass of dolerite immediately to the north 
of the traverse, but the broadness of the anomaly suggests 
that it may in fact be caused by variations in the basement.
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Again the gravity data indicates that the dyke 
certainly cannot extend to any greater depth than has been 
postulated from the geological evidence.
(g) Conclusions
In general the gravity observations agree moderately 
well with the structure envisaged based on the geological 
evidence. However several features can be noted; firstly, 
the gravity data indicates a deficiency of mass in the 
centre of the dyke, which has not been explained adequately, 
and almost certainly rules out the possibility of the dyke 
continuing through the floor of the sheet to the basement. 
Secondly, the observed values of gravity to the east of the 
dyke are usually somewhat higher than it is possible to 
account for on any model proposed from the geological evi­
dence. In the Margate traverse the anomaly is in fact as 
high as that over the dyke itself. In general the observed 
and calculated values agree reasonably well on the western 
side of the dyke, indicating that the postulated dolerite 
sheet underlying the Oyster Cove Block is very probably 
present. Finally it should be noted that in all the cross 
sections it has been assumed that the sheets are flat-lying 
and of uniform thickness, but detailed field studies show 
that such bodies are commonly transgressive and may vary in 
thickness. However because the dolerite sheets are unexposed 
in the regions flanking the Red Hill Dyke (except to the 
north) and little information was available on their actual
14.
form, the simple horizontal sheet has been used in the 
calculations and cross sections.
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APPENDIX II
THE PRECISION- AND ACCURACY OF SILICATE ROCK ANALYSIS. 
Introduction.
The work carried out on the accuracy and precision 
of Chemical analysis of silicate rocks by Fairbairn et al. 
(i95l)i Schlecht (195l)i Fairbairn and Schairer (1952), 
Fairbairn (1953) and Mercy (1956), has shown that the 
experimental error can be disturbingly large for some con­
stituents and that the inter-laboratory precision is much 
less than had been assumed previously.
In analysing a series of rocks from the Red Hill 
area some idea of the degree of precision and accuracy was 
required so the standard diabase (Wl) and granite (Gl), 
used in the co-operative investigation of Fairbairn et al. 
(I95l)i were analysed at the same time.
Over the last decade considerable attention has 
been paid to rapid methods of silicate analysis, particu­
larly by Shapiro and Brannock (1952 and 1956). These 
methods are based mainly on colourimetric determinations 
and in addition to the speed of analysis they have the 
advantage of being more direct than the conventional 
procedures. It was decided to employ these rapid methods 
in the analysis of the rocks in question, particularly as 
Shapiro and Brannock (1956) state that considerably less 
training and experience is required to learn the proced-
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ures than is the case for the classical methods. Satis­
factory results were obtained for most of the constituents 
but it was found necessary to revert to the classical 
methods for the mao or constituents, SiO^ and AlpO^ and 
also MgO, when greater precision was realized. Time did 
not permit a thorough investigation into the reasons for 
the aberrant results for SiOP and Al^O^ by these colouri- 
metric methods.
A Beckman model DU spectrophotometer was used in 
the colourimetric measurements and a flame photometer 
attachment on the instrument was employed for the determina­
tion of Na?0 and KpO. It may be pointed out here that as 
the third significant figure is read on the spectrophoto­
meter scale by interpolation the results can only be re­
ported to the third figure at best.
Analytical Methods and Results.
The rapid methods for the determination of SiOp 
and A1o0-2 are carried out on a 0.05 g sample fused with 
NaOH. Si0o is determined by the measurement of the absorb­
ance of a solution of molybdenum blue produced by the 
reduction of the silico-molybdate complex. The AlpO^ 
is found by measuring the absorbance of a solution contain­
ing the complex formed by aluminium with the dye alizarin 
red-S in the presence of calcium. The reference standard 
used in both determinations is the soda felspar UBS 99«
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In the case of SiO^ several colour developments 
were made on three separate fusions, great care being taken 
to ensure that conditions were uniform for each sample.
The results obtained for W1 and G1 varied considerably 
with poor reproducibility between runs, but there was 
always good agreement between the duplicate reference 
standards in a single run. The five determinations of 
SiO^ in W1 and G1 are given in table 1, together with some 
statistical data on these results and also the relevant 
data calculated from the analyses provided by the 34 
laboratories in the co-operative investigation of W1 and 
G1 (Fairbairn et al. 1951, Fairbairn 1953)*
TABLE 1.
1
2 5
4
—
5 X S 0 X s cFairbairn (1953)
W1 52.2 51*3 54.8 50.7 52.7 52.3 1.61 3.08 52.34 0.32 0 • 6
G1 72.1 71.8 71.2 72.3 73*0 72.1 0.83 1.15 72.36 0.35 0.5
5c = arithmetic mean S = standard deviation 
S0 = ytfo = relative deviation.
The results are widely variable although the mean 
of the determinations is close to that obtained by Fair­
bairn et al. (1951) and Fairbairn (1953)* However the 
standard deviations and relative deviations are much 
greater than those calculated by Fairbairn (1953)*
Mercy (1956) used the rapid method for the determination
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of SiO^ and found the standard deviation and relative devia­
tion to be comparable to those of Fairbairn (1953)*
Because of the lack of concordance between runs, 
and shortage of time to persevere with the method, the 
conventional gravimetric techniques were then employed to 
determine SiC^* The SiO^ was rendered insoluble by a 
double dehydration with HG1, but no recovery of the small 
amount of SiO^ remaining in the R^ O-^  group was made. For 
comparison the best colourimetric determination of SiC^ 
is given with the gravimetric results in table 2,
TABLE 2.
Sample Colourimetric Gravimetric Mean of 34
analyses
Fairbairn
1953.
W1 52.7 52.37 52.34
G1 73.0 72.33 72.36
M2 00 53.1 54.13
M210 54.8 53-93
M223 58.9 57-70
M206 62.6 61.39
Ml 76 63.1 64.29
In the determination of Al^O^ by measuring the 
absorption of the aluminium complex with calcium and 
alizarin red-S, iron and titanium interfere. The iron
5 .
is complexed with ferricyanide but an empirical correction 
has to be applied to allow for the TiC^* Completely anoma­
lous results were obtained using this method. Ten separate 
colour developments were made on three different fusions 
but in all cases the values for Al^O-^ in W1 and G1 were 
2.5% to 5% too high and agreement between runs was poor. 
Conditions for colour development for each run were stan­
dardized.
The absorption spectra of both the alizarin red-S 
blank solution and the aluminium complex were measured; 
very close agreement between these spectral response 
curves and those of Parker and Goddard (19.50) was obtained. 
Nevertheless the alizarin red-S was recrystallized to 
eliminate any impurities but no significant difference 
in the results was encountered. The alizarin red-S 
itself has an appreciable absorbance at the wavelength 
(475 m^ i) at which the measurements were made; therefore 
an error is introduced here for samples of differing 
A1-0-, concentration, since samples with lower concentra- 
tions of Al~0-z than the reference standard would give a 
slightly higher value than the true result, because less 
of the added alizarin red-S would be used up in the com- 
plexing. However the difference in concentration of 
AloO-r between the reference standard and the samples 
being analyzed, although appreciable, is not enough to 
cause the very high results obtained for W1 and Gl.
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Parker and Goddard (1950) show that the complex obeys 
Beer's lav/ for the concentration range 0-2 ppm, which is 
the interval the rocks fall into in the final solution. 
However it would be advisable to use at least a two point 
calibration curve instead of a single reference standard 
as per Shapiro and Brannock (1950) sc that any departure 
from Beer's Law can be recognized.
The blue complex of iron with ferricyanide has a 
small but significant absorbance at 475 mp. but would only 
reduce the value for AlpCh in W1 by about 0.5% and much 
less for G1 because of the small iron content.
As the intensity of colour development varies with 
pH, measurements of the effectiveness of the buffer solu­
tion were made, but these showed that the pH was kept 
constant.
Parker and Goddard (1950) proved that SiO^ and
pMn interfere as well as iron and titanium, but the effect
2of SiOp is only slight and the concentration of Mn is so 
very small as to eliminate the possibility of serious 
interference.
Because of the poor reproducibility and the incorrect 
results it was found necessary to return to the conventional 
gravimetric techniques to determine Alp0^. No satisfactory 
explanation of the divergence from the correct values was
f ound.
7-
A solution prepared by digesting 0.4 g of sample 
with HE and HQS0^ was used in the determination of CaO, 
MgO, total iron, MnO, P^O^, an<i ^0.
The lime and magnesia were titrated with versene 
using murexide and eriochrome black-T, respectively, as 
indicators. The titrations were carried out in an auto­
matic photometric recording apparatus of a design similar 
to that suggested by Shapiro and Brannock (1956). The 
iron and aluminium, which interfere in the determination 
of lime, were complexed with sodium potassium tartrate. 
The results obtained by this method were checked at a 
later stage by the gravimetric determination of CaO and 
the agreement is, in the main, good (see table 5)*
TABLE 3*
Sample Versene 
% CaO
Gravimetric 
% CaO
x (Eairbairn
1953).
W1 10.8 10.88
I10.96
G1 1.3 1.14 1.41
M200 10.2 10.72
M210 10.5 10.52
M223 6.5 6.56
M2 06 4.6 4.78
Ml 76 3.4 3.43
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The gravimetric GaO of G1 is rather low because 
of lack of attention at one stage on the part of the 
analyst; the filtrate from the ^2^3 precipitation was 
being evaporated down, and was accidentally allowed to 
go to dryness, when some material was lost by decrepita­
tion. In this case the versene result is regarded as 
being more nearly correct.
The CaO of M200 determined by the titration is 
0.5% lower in amount than in the gravimetric determina­
tion and the versene result for M206 is 0.2% lower than the 
gravimetric. The remainder of the results show very good 
agreement. As the gravimetric determination of GaO is 
regarded as being one of the most accurate of the classical 
methods (Fairbairn et al., 1951)»the results so obtained 
have been used in the quoted analyses.
GaO can be determined by the versene method in a 
very short space of time as compared with the gravimetric 
method and with a precision and accuracy comparable with 
the conventional procedures as shown by Mercy (1956)«
In the determination of MgO by titrating with 
versene considerable difficulties were encountered.
Because of the interference by aluminium, iron and calcium, 
the RpO^ group and the lime are precipitated before the 
titration is made. The results (table 4) were either the 
same as those determined gravimetrically or higher, 
indicating that in some cases the precipitation of the
9group or the lime did not proceed to completion; it 
is apparent that the correct conditions were not attained 
in all of the samples.
TABLE 4.
Sample Versene Gravimetric x (Fairbairn
1953)
| W1 7.4 6.49 6.6$
: G1 0.6? 0.21 0.59
M200 7.1 6.66
M210 5.5 3.09
M2 2 $ 1.5 1.20
M2 06 1.1 1.09
M176 0.9 0.44
The results for MgO quoted in the analyses are 
those found gravimetrically. The value for G1 is some­
what too low, but this was because some material was lost, 
as pointed out above. The versene determination of MgO 
can be made with the same order of precision and accuracy 
as the conventional method (Shapiro and Brannock, 1956; 
Mercy, 1956), and has the great advantage in that it can 
be carried out in a fraction of the time required to 
determine MgO gravimetrically. Attainment of high pre­
cision and accuracy is very much dependent upon the 
complete removal of interfering elements.
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Tiie potash ana soda were determined by means of a 
flame photometer, and this method proved to be fairly 
satisfactory and rapid. It was not found possible to 
use an internal standard as suggested by Shapiro and 
Brannock.
The colourimetric determination of total iron by 
forming the ferrous orthophenanthroline complex proved to 
be very rapid, and no trouble was experienced with the 
method.
The TiO^, MnO and P^O- were determined by colouri­
metric methods; TiOQ by complexing it with tiron, MnO as 
the permanganate, and Po0^ as the molybdivanadophosphoric 
acid complex.
Ferrous iron was determined by the conventional 
method, titrating it against potassium dichromate, using 
diphenylamine sulphonic acid as the indicator.
Total water was found by using the modified Pen- 
field method of Washington (1930).
%
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TABLE 5» Comparison of single analyses of W1 and G1
with the arithmetic.means for these standards 
compiled from results from 35 laboratories.
W1
McDougall
W1
X
Fairbairn
W1
s
(1955)
W1
X - x
W1
Error - %
Si02 52.37 52.34 0.32 0.03 0.06
-^ ■IpO^ 15.50 15.07 0.50 0.43 2.8
FepO^ 1.44 1.50 0.46 0.06 4.0
FeO 8.61 8.71 0.41 0.10 1.1
MgO 6.49 6.63 0.28 0.14 2.1
CaO 10.88 10.96 0.19 0.08 0.7
Na20 2.15 2.00 0.19 0.15 7.5
k2o 0.65 0.63 0.15 0.02 5.2
H2° 0.59 0.56 0.18 0.03 5.4
Ti02 1.14 1.10 0.15 0.04 5.6
P2°5 0.15 0.126 0.04 0.024 19.0
MnO' 0.15 0.165 0.034 0.015 9.1
100.12
G1 G1 G1 G1 G1
McDougall X S X - x Error - %Fairbairn (1955)
sio2 72.35 72.36 0.55 0.03 0.04
14.95 14.44 0.32 0.49 5.4
0.80 0.95 0.34 0.13 14.0
FeO 0.95 0.99 0.13 0.06 6.1
MgO 0.21 0.39 0.10 0.18 46.1
CaO 1.50 1.41 0.11 0.11 7-8
Na20 5.43 5.25 0.17 0.18 5.5
k 2o 5.60 5.42 0.37 0.18 5.5
h2o 0.30 0.365 0.08 0.065 17.8
Ti02 0.30 0.25 0.04 0.05 20.0
P2°5 0.08 0.09 0.03 0.01 11.1
MnO' 0.03 0.027 0.007 0.003 11.1
100.24
— —
feE r • v- , £ £ *,7.:* rx = arithmetic mean
Zr*• j , . ...... ..., £&*•*,* **
standard deviation
X-x = difference between value for the single analysis 
and the arithmetic mean
X-x x 100Error = x
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Precision of the Analyses of W1 and Gl.
In table 5 are set out the results for W1 and Gl, 
together with the arithmetic mean and standard deviation 
for each constituent, calculated from the analyses pro­
vided by the 35 co-operating laboratories in the investi­
gation of Fairbairn et al. (1951), and quoted in Fairbairn 
(1953)« The difference between the individual values 
obtained by the writer for each constituent cf W1 and Gl 
and the mean of Fairbairn (1953) has been included in the 
table, as well as the error given as a percentage of the 
amount present.
It must be pointed out that it is not possible to 
obtain the absolute values for the constituents of W1 and 
Gl; the arithmetic mean of the analyses available is the 
closest approximation that can be made. However later 
work on a synthetic glass of known composition has given 
some guide to the accuracy of the calculated arithmetic 
means for W1 and Gl (Fairbairn and Schairer, 1952), but 
this will be discussed later.
Examination of the table shows that the results 
for W1 and Gl are in most cases closely comparable to the 
arithmetic means obtained by Fairbairn (1953)* The differ­
ence between the value for each constituent in W1 and the 
arithmetic mean is, in every case, less than the standard 
deviation, but in Gl three of the results exceed the 
standard deviation. However the degree of precision for
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individual constituents varies widely, being, in general, 
greatest for the major constituents and least for those 
present in minor amounts.
Thus the results for SiO^ are of a high order of 
precision, the percentage error in the amount present 
being less than 0.1% in both cases. Moderate precision 
has been attained for Al^ O-^  with the greatest divergence 
in G1 where the error is 3.4% of the amount present. In 
the case of there is a large deviation from the
mean in G1 amounting to some 14% of the amount present 
but in Wi the divergence is only 4%. The high value for 
the standard deviation as compared with the arithmetic 
mean in Wl and G1 for Fe20^ reflects the large measure of 
uncertainty in the determination of this constituent, as 
pointed out by Fairbairn (1953).
The large deviations of the values for FeO, MgO, 
CaO and TiO^ ^rom the means in G1, as compared with the 
deviations in Wl, is due to the much lower concentrations 
of these constituents in the former, relative to Wl. The 
extremely high error in MgO in G1 is at least partly 
because of loss of material, as pointed out above.
The precision obtained in the remainder of the 
constituents is also rather variable, there being errors 
in the amount present of up to 20% for constituents com­
prising less than 1%, and up to 8% for constituents in the 
concentration range 1% to 6%.
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In general the degree of precision is of the same 
order as found by Fairbairn et al. (1951) in the co­
operative investigation of conventional methods of 
analysis, and by Mercy (1956) in his work on the precision 
and accuracy of the rapid method of analysis.
Accuracy of Results.
Fairbairn and Schairer (1952) prepared a synthetic 
glass, approximating to a granite in composition, as a 
standard to test the accuracy of analysis. A number of 
laboratories which took part in the earlier investigations 
of W1 and G1 analysed the glass. The results from this 
test indicated that the arithmetic means for MgO, GaO,
Na^O and Kp0 computed for W1 and G1 are probably close to 
the absolute values. However the work showed that SiOp 
was consistently underestimated, whereas the A^O^ was 
correspondingly too high, indicating that not all the 
Si02 was rendered insoluble, but was subsequently pre­
cipitated and measured with the R^O^ group. The data from 
this work suggest that the mean value for SiC^ in G1 is 
0.5% too low and 0.55% too low in W1 with A^O^ that much 
too high in each case. Since the glass standard did not 
include FeO, Fep0^, TiOp, MnO, H^O and P20^ no direct 
information as to the accuracy of the determinations in 
rocks was forthcoming, but it is considered that the 
accuracy would be comparable to the other tested con­
stituents.
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Conclusions.
The single analyses of W1 and G1 indicate that the 
degree of precision attained is of th§ same order as was 
found by Fairbairn et al. (1951) and Mercy (1956). Thus 
it is reasonable to assume that the remainder of the 
analyses carried out are of the same order of precision 
and accuracy.
methods of Shapiro and Brannock (1956) were found to be 
as satisfactory as the conventional procedures, supporting 
the findings of Mercy (1956). These methods have the great 
advantage that they can be performed at h much faster rate 
than the classical methods. However aberrant results were 
obtained for A1~0^ and the values for SiC^ and MgO arrived 
at by the rapid methods were somewhat in error; these 
constituents having to be determined by the standard 
gravimetric techniques. It would seem that some refine­
ment is necessary in the determination of SiO^ by the rapid 
method, and a more satisfactory means of determining Al^O^ 
is required. With suitable adjustment of conditions so 
that A1-0-, and CaO are completely removed, accurate results 
for MgO should be obtained with the versene titration.
For the majority of the constituents the rapid
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The Use o f M agnetic M easurements for the Study o f  
the Structure o f  Talus Slopes
By Ian M cD ougall and R onald G reen 
Abstract
By means of measurements of the direction of magnetization, 
talus may be distinguished from rock which has remained in situ.
A criterion has been developed for the conditions under which 
the boundary between talus and rock in situ can be identified.
This method is particularly useful when the upper portion of the 
rock in situ is broken and weathered and it has been applied with 
success to a scarp in the dolerite of the Western Tiers in Tasmania.
Here the results suggest that in the upper part of the talus the 
jointed blocks have definitely fallen into a sub-horizontal position, 
whereas at lower levels they are only slightly tilted.
Introduction
TT is of considerable economic importance in connection with 
A  tunnelling operations to know accurately the depth of talus 
covering undisturbed rock. In such cases the slope is usually drilled 
and an attempt is made to estimate the position of the junction between 
talus and rock in situ from core recovery, weathering, etc. In many 
cases it is extremely difficult to give an answer by drilling alone. One 
such case was encountered in the talus slope from a dolerite sill which 
had been drilled by the Hydro-Electric Commission of Tasmania and 
a preliminary study of this by Jaeger and Green (1958) showed that in 
this case magnetic measurements, and to some extent density measure­
ments also, could be of considerable value in elucidating the structure 
of the material in the talus slope. It was found that rock in situ was 
magnetized in an almost vertical direction (i.e. a magnetic dip of almost 
90°), whereas talus has very low values of magnetic dip. A detailed 
examination of the same talus slope has since been undertaken and in 
addition to an accurate and positive determination of the depth of talus 
cover it has been found that in the upper part of the talus the jointed 
blocks have definitely fallen into a sub-horizontal position whereas at 
lower levels they are only slightly tilted. This suggests that there are 
at least two stages in the formation of a talus slope; firstly, the 
columnar jointed blocks tilt, and subsequently the blocks fall over and 
come to rest in a sub-horizontal position.
While the case in Tasmania is extremely favourable for the applica­
tion of the magnetic method, it is felt that the method can, in general, 
be of great value in elucidating the mechanics involved in the physical 
movement of rock masses. Aramaki and Akimoto (1957) have used 
an essentially similar method to estimate the temperature at which 
volcanic bombs landed.
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T he G eological Setting
The geology of the area has been mapped in detail by McKellar 
(1957) and only a short summary will be given here, the information 
being taken mainly from the above paper. Dolerite, probably of 
Jurassic age, was intruded in the form of a sheet some 1,200 feet thick 
into a sequence of gently dipping Permian and Triassic sediments whose 
total thickness was about 4,000 feet. The dolerite is confined almost 
entirely to the sediments of the Triassic system and in this region the 
roof sediments have been removed by erosion. During the Tertiary 
strong tensional faulting took place throughout Tasmania, and as a 
result of this the extensive Central Plateau was formed which on its 
eastern margin is bounded by a fault scarp with a relief of over 3,000 
feet. The Western Tiers in this area were formed by the retreat of a 
scarp some three miles from the main north-west trending fault—the 
Tiers Fault. It is on this steep scarp that the talus deposits occur. 
The dolerite is broken up into a series of vertical contraction joint 
columns, commonly with sides up to 5 feet across, and less marked, 
well-spaced, approximately horizontal, joint planes. The petrology of 
the Great Lake dolerite sill has been dealt with by Jaeger and Joplin 
(1955), Joplin and Jaeger (1957), and McDougall (1958).
R esults and Their Interpretation 
The results of the measurements are tabulated in Table 1 and are 
graphically presented in Text-fig. 1. No account has been taken of the
Depth in feet below 
collar o f hole. 
150 
300 
400 
497 
701
Depth in feet below 
collar o f hole.
4
16
27
39
50
80
100
112
125
150
160
170
Table 1.
Hole No. 5086.
Inclination Depth in feet below Inclinationin Degrees. collar o f hole. in Degrees.86 750 8688 801 8986 850 8488 900 8690 1,000 86
Hole No. 5085.
Inclination Depth in feet below Inclinationin Degrees. collar o f hole. in Degrees.65 172 5420 176 7062 180 8637 190 8726 201 8036 225 8731 251 8041 275 8566 306 8759 400 7961 450 9061 510 86
254 I. McDougall and R. Green—
Hole No. 5033.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
25 5 260 4
37 4 270 2
49 7 280 52
65 20 283-300 15
76 22 300-314 84
85 35 317 90
99 9 350 89
113 12 373 90
124 30 400 82
138 28 426 88
151 15 455 85
164 14 459 90
174 18 474 88
201 22 502 89
214 34 526 82
225 44 548 90
251 17
Hole No. 5032.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
10 45 180 50
28 28 188 48
37 60 196 19
48 23 201 78
62 20 209 61
75 11 226 37
102 17 231 56
126 9 252 79
139 6 275 77
149 12 295 68
160 19 315 69
172 59
Hole No. 5030.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
50 28 100 69
75 11 110 81
Hole No. 5019.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
12 15 199 59
31 42 226 68
48 50 249 58
75 56 276 63
99 50 300 70
125 57 329 56
152 58 363 65
175 58
Hole No. 5020.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
11 8 72 5
25 5 91 34
47 21
The complement of the angle which the direction of magnetization makes 
with the direction of the borehole is listed for specimens from the given 
depths below the collar.
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azimuth of the direction of magnetization because it is not possible to 
determine this from the borehole samples. In hole 5033 it can be seen 
that from the collar to a depth of 291 feet the samples have rather low 
dips which are almost without exception less than 45° and with the 
majority less than 35°.
The region from 283 feet to 314 feet is one of strong fracturing and 
very poor core recovery. From 314 feet to 328 feet there is still strong 
fracturing and very poor core recovery but the dip has now become 
high, and high values with an average of 87° are maintained to the 
base of the hole. This value of 87° is in close agreement with the 
measurements of Blackett (Jaeger and Joplin, 1955) on another bore­
hole in the same igneous body, and with the mean value given by Irving 
(1956) for the whole of the Tasmanian dolerites.
These results suggest that all the dolerite below 314 feet (i.e. all the 
dolerite with a high dip) is in situ and that the transition to talus takes 
place in the region between 283 feet and 314 feet which consists of 
small, badly broken material. Above this region, judging by the fairly 
good core recovery, the material appears to consist of large blocks of 
elongated joint columns, which have broken off and whose low mag­
netic dips show that they are lying in a sub-horizontal position.
In holes 5019, 5020, and 5030 the relatively low dips indicate that all 
the material is talus (except possibly the lowest sample of 5030).
Borehole 5032 may possibly be an intermediate case. Here, low 
dips predominate to a depth of 196 feet, indicating that the material is 
entirely talus; below this depth the dips are steep, averaging 75°, but 
not so steep as that of dolerite in situ. This suggests that the lower 
part of this hole may be through joint columns which have tilted but 
not yet fallen over. The same appears to be true of hole 5085 since 
moderate dips occur to a depth of 176 feet, below which the dips 
become nearly 90° relative to the drill hole, but since the hole is at an 
angle of depression of 70° the dips in rock in situ would be expected 
to  be of the order of 70°. However, there is also the possibility that 
even though the hole was commenced at an angle of depression of 70° 
it became vertical after a short distance owing to the drill being 
deflected by the very strong vertical jointing. This would explain very 
satisfactorily the high and uniform dips obtained below 176 feet, 
suggesting that below this level the dolerite is in situ and above it the 
rock is talus material.
These results imply that two distinct processes may be operative, 
firstly a tilting of blocks and secondly a definite falling over. The talus 
slopes on the face of the Western Tiers are in many cases not just 
groups of sub-horizontal columns with the complete range of azimuths 
but also there are very large blocks of dolerite—up to 300 yards across 
and 100 feet in height—which have moved as a unit and in which the
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columns are dipping uniformly back in towards the dolerite cliffs 
behind. The relatively uniform dips of the magnetization for a num­
ber of successive specimens taken from a hole such as 5085 is most 
probably due to the fact that the hole passes through one of these large 
blocks.
Evidence from D ensity M easurements
Jaeger and Joplin (1955) and Jaeger and Green (1958) have shown 
that there is a characteristic variation in the density of dolerite as a 
sill is traversed from its base to its upper contact.
It was considered, therefore, that the height above the base of the 
sill at which a piece of dolerite was formed could be deduced from its 
density. Since the direction of movement of blocks in a talus slope is 
downhill, the recovery of a piece of core with a density characteristic 
of a higher level, indicates that the core has been obtained from a block 
which is talus. The densities of the samples from the bore cores under 
consideration were measured in the manner described by Jaeger and 
Green (1958) and the results plotted in Text-fig. 1. For comparison, a 
curve showing the expected variation of density with height above the 
lower contact for a bore through dolerite in situ, is drawn through 
the experimentally found points.
Statistical fluctuations are to be expected in the density determina­
tions, but where there is a significant difference between experimentally 
found points and the curve for solid dolerite, it is to be expected that 
in this region the core has been passing through talus and not rock 
in situ.
From the collar of borehole 5033 to a depth of 300 feet, the signifi­
cantly low densities indicate that in this region the borehole passes 
through talus and furthermore, that the talus has been derived from a 
considerably higher level in the sill. Below 300 feet the density values 
lie along the curve for solid dolerite, indicating that the borehole below 
this level is in rock in situ. For this borehole the density measure­
ments are in excellent agreement with the magnetic measurements.
In 5085 the densities in the upper part of the hole agree with the 
results of a bore at the same level through dolerite in situ. The 
dolerite in the upper part of the hole is definitely talus material and 
appears from the density measurements to have originated from a level 
not far above its present position.
The density values in the lower part of the hole are less than is 
expected and this suggests that the dolerite was derived from a 
considerably higher level in the sill than that at which it now 
occurs. To reconcile this fact with the nearly vertical magnetiza­
tion it is necessary to postulate some sort of landslide in which
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a large block of dolerite broke off from the cliffs and moved 
down the slope some hundreds of feet with very little tilting during the 
movement.
In both 5019 and 5020 the densities of the samples show that the 
dolerite has a lower density than that to be expected if it were in situ, 
and indicate that the dolerite was derived from a position high up in 
the sill. This is in agreement with the magnetic results which indicate 
that the dolerite in both holes is not in situ.
The densities in 5030 and 5032 in the main conform closely to the 
values expected if the dolerite were in situ. Although the magnetic 
work indicates that at least the upper parts of the holes is talus material, 
this is not necessarily at variance with the results from the density 
measurements as the dolerite need not have travelled far.
Thus it can be seen that in the case of 5033 particularly, and also in 
5019 and 5020, the density measurements are consistent with the 
results obtained from the magnetic work. The densities in 5030 and 
5032 neither confirm nor deny the interpretation given from the 
magnetic results and in 5085 the densities would appear to indicate 
that the lower part of the hole is through a large dolerite block which, 
however, must have been part of a landslide which has moved several 
hundred feet downwards with but little rotation. Mechanically, this 
movement is of limited occurrence and the authors are more in favour 
of regarding the lower part of this hole as being in situ and the density 
results as being anomalous.
It is not within the scope of this paper to discuss the origin of these 
talus slopes other than to say that they are due to gravity acting on 
vertical elongated columns which, when left unsupported, tend to 
move down the steep slope and come to rest sub-horizontally at a lower 
surface.
The Conditions for the Identification of the Talus-Solid 
Rock Boundary
The following arbitrary directions are plotted on a stereographic 
projection (Text-fig. 2):—
(1) M  the vector direction of the permanent magnetization of rock
in situ.
(2) C the vector direction of the elongated axis of the rock blocks.
(3) P the vector direction of the normal to the plane on to which the
rock blocks fall.
(4) D the vector direction of the drill hole.
A system of co-ordinates is used in which the direction of D
coincides with the OZ axis of the stereographic projection.
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Writing ^C M  for the angle between the vectors C and M, this will 
also be the angle which the direction of magnetization in a fallen block 
makes with its elongated axis. However, the axes of the fallen blocks 
will be scattered with random directions over the plane whose normal
North
s ' -  —
South
Text-fig. 2.—A stereographic projection showing on the upper hemisphere 
the right circular cone MN along which must lie the directions 
of permanent magnetization of solid dolerite, and the right circu­
lar cones RST, on the upper hemisphere and R'S'T', on the lower 
hemisphere, between which the direction of magnetization of talus 
material must lie.
These cones are only for the case discussed in the text.
is P. Thus the directions of magnetization found when drilling must 
be outside the right circular cones RST and R'S'T' in the upper and 
lower hemispheres, respectively, whose axes are along P and whose 
semi-vertical angles are 90— f_CM.
The direction of magnetization of rock in situ is given by the vector 
M, and as a result of the loss in azimuth when taking a bore core out 
of a drill hole the direction of magnetization for rock in situ may be 
anywhere on the circular cone MN.
The criteria for a positive determination between rock in situ and
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talus is that the circles RST and MN should not intersect (this is the 
case shown in Text-fig. 2). This requires
f_  CM +  MD +  /_  DP <90°.
For the Tasmaniam dolerites, M , C, and D are very close together 
and a sharp boundary can readily be identified.
Measurements of rock magnetism are of course treated statistically 
and i f '? is the probable error in the direction of M the criteria developed 
above is to be replaced by
Z  CM +  ZM D +  Z. DP +  2<p <  90°.
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